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The objective of this research was to use Bacillus subtilis-based probiotics alone
or combined with various additional antibiotic alternatives (yeast-derived prebiotics and
zinc supplementation) to maintain gut health and improve growth performance of
antibiotic-free broilers. Three consecutive studies have been conducted to evaluate
dietary effects on intestinal morphology, digestive organ development, microbiota, and
growth performance of commercial broilers under different coccidia-challenge
circumstances.
In the first study, broilers were raised under commercial conditions, without
coccidia-challenge (Chapter III). Broilers fed diets supplemented with antibiotics
exhibited the highest body weight gain (BWG) from d 15 to 27. Broilers fed diets
supplemented with B. subtilis or prebiotics + B. subtilis exhibited higher BWG from d 28
to 41 and higher BWG from d 0 to 41 as compared to birds fed control diets. In the
second study, broilers were exposed to a clinical coccidia-challenge (Chapters IV and V).
Interaction and main effects of the dietary supplement and coccidial vaccination were
studied. Diets supplemented with Prebiotics + B. subtilis facilitated broilers to reach a

similar feed conversion ratio (FCR) as to the antibiotic control group from d 0 to 56.
Feeding diets supplemented with B. subtilis to coccidial vaccinated broilers reduced
microbiota diversity by increasing the proportion of an antibiotic-resistant bacterium,
Rikenella microfusus. In the third study, interaction and main effects of the subclinical
coccidia-challenge and the dietary supplement were studied (Chapters VI and VII). The
dietary anticoccidial supplementation increased feed intake and BWG and decreased FCR
of broilers from d 15 to 28. However, dietary B. subtilis supplementation did not improve
any growth performance of broilers. The combined use of zinc and B. subtilis lowered the
high mortality of broilers fed diet supplemented with B. subtilis or zinc alone.
Additionally, the dietary supplementation of zinc lowered the proportion of Clostridium
in cecal contents of broilers.
In conclusion, different nutrition strategies should be considered when broiler
chickens are under different health circumstances. Bacillus subtilis-based probiotics have
potential to replace the antibiotics, but not anticoccidial feed additives.
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INTRODUCTION
A subclinical-dose of antibiotics has been applied in poultry feed for purposes of
maintaining gut health and promoting growth for 6 decades (Moore et al., 1946).
However, consumers have concerns regarding antibiotic use in animal production, with
beliefs that antibiotic use in animal production will speed up the production of antibioticresistant bacteria, and thus threaten the public health. In 2013, the Food and Drug
Administration initiated a plan to phase out human-important antibiotics in animal feed as
growth promoters. Since then, major poultry integrators in the United States have
initiated the antibiotic-free and no-antibiotics-ever programs. However, withdrawal
of antibiotics may weaken protection from pathogens including Clostridium perfringens
and coccidia, which likely reduce the growth rate of poultry. This urges poultry
nutritionists and researchers to shift their attention to searching for alternative products
that can maintain intestine health and improve growth.
Probiotics, a potential antibiotic alternative feed additive, are defined as
microbial feed supplement which beneficially affects the host animal by improving its
Bacillus subtilis spores are common
probiotic products included in pelleted poultry diets. The spores can survive from feed
manufacturing process and germinate into active bacteria (Latorre et al., 2014). Bacillus
subtilis-based probiotics are reported to prevent the proliferation of harmful bacteria
1

(Kim et al., 2011; Salim et al., 2013), maintain the integrity of intestinal mucosa (Lee et
al., 2010; Hume, 2011), produce digestive enzymes (Kim et al., 2001), improve the
digestibility of minerals (Sharifi et al., 2012), and subsequently improve the meat yield of
broiler chickens (Lee et al., 2010; Kim et al., 2011; Sharifi et al., 2012; Salim et al., 2013;
Bozkurt et al., 2014). Thus, B. subtilis-based probiotics have potential to replace
antibiotics in the diet to maintain gut health and improve meat production of broilers.
Prebiotics are another group of popular antibiotic alternatives. They are nondigestible oligosaccharides benefiting selective intestinal bacteria. Research has shown
that dietary prebiotics improved intestine microbial diversity and the innate immunity of
broilers (Roberfroid et al., 2010). Instead of using alone, prebiotics are recommended to
be included with probiotics in the diet. Combinations of Bifidobacteria and oligofructose
have been shown to bring a synergistic improvement of intestinal microbial ability in rat
models (Gallaher and Khil, 1999; Femia et al., 2002). However, supplementing
oligosaccharides with B. subtilis-based probiotics in broiler diets has not been studied
extensively.
Zinc supplementation has also been shown to benefit gut health of broilers. By
enhancing the tight junction between enterocytes, dietary zinc can reduce the intestinal
damages and reduce the BW loss caused by exgenous pathogens such as Salmonella
Typhimurium (Zhang et al., 2012). In addition to being included in the vitamin and
mineral premix, zinc is commonly used an adjunctive addtitive with bacitracin to enhance
the antimicrobial activity (Engberg, 2000). However, the combined use of zinc and B.
subtilis-based probiotics in poultry feed has not been studied.
2

In the current research, various nutrition strategies were applied to broilers in an
attempt to maintain their growth rate and gut health, such as including B. subtilis-based
probiotics alone, with prebiotics, or with zinc supplementation into the antibiotic-free
feed. In order to apply these nutrition strategies in commercial production, antibiotic-free
broilers were raised under either common commercial conditions (Study 1, chapter III),
subclinical coccidial-challenge (Study 2, chapters IV and V), or clinical coccidialchallenge (Study 3, chapters VI and VII).
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REVIEW OF LITERATURE
Antibiotic Growth Promoter Use in Poultry Production
Antibiotics have been successfully used in the treatment and prevention of human
bacterial infections. They have also been used in farm and aquatic animal production.
Antibiotics have been included in animal feed at sub-therapeutic levels to maintain gut
health and improve meat production, and are referred to as antibiotic growth promoters
(AGPs). Because AGPs can reduce the bacterial load in the gastrointestinal (GI) tract,
AGPs can help prevent the competition for nutrients among intestinal microbes and
utlmately improve the efficiency of feed utilization in animals. Additionally, AGPs can
eliminate the negative effects caused by environmental pathogens, which allows animals
to be raised at a relatively high stocking density. Due to these benefits, the administration
of AGPs has facilitated the intensification and industrialization of broiler production over
the past 60 years.
History of Antibiotic Use in Poultry
Antibiotic use started very early in human history. The ancient Egyptians used
mold extracts to treat infections and are considered to be the first generation to use
antibiotics without knowing the actual substance that exerted the antimicrobial activity
(Lindblad, 2008). In 1928, Alexander Fleming discovered that the Penicillium
4

chrysogenum metabolite, penicillin, limited the growth of staphylococci. Thus, penicillin
became largely used as a medical treatment in World War II. In the later stage of the war,
lyophilized penicillin was manufactured, which allowed veterinarians to prescribe it to
dairy cows for the treatment of bovine mastitis (Gustafson and Bowen, 1997). Since then,
antibiotic use has expanded and been applied in animal production for disease prevention
and treatment. In 1946, Moore et al. reported that the dietary inclusion of antibiotics
(streptomycin) improved the growth rate of chickens. In that study, the authors planned to
use sterilized chicks to study the vitamin requirement of birds. In so doing, they sought to
eliminate confounding factors that included toxic substances and what they termed as
. In an attempt to inactivate bacteria in the intestinal tract,
streptomycin was used. This led to the accidental discovery that supplementation of
streptomycin at a sub-therapeutic level improved bird body weight (BW). Unfortunately,
this relationship between antibiotic use and growth improvement was not fully
recognized and therefor not utilized for poultry production at that time.
In the 1940s, vitamin B12 was characterized as one of essential nutrients for the
growth of poultry (Stokstad and Jukes, 1949). Some species of bacteria can produce
vitamin B12. Consecutive studies have been conducted to elucidate the vitamin B12producing bacteria (Stokstad and Jukes, 1949 and 1950). The authors discovered that
birds fed diets supplemented with Streptomyces aureofaciens metabolites exhibited a
higher BW gain. The authors concluded that vitamin B12 amoung the Streptomyces
aureofaciens metabolites improved the growth rate of chickens. However, later research
revealed that those metabolites included not only vitamin B12, but also the antibiotic
5

chlortetracycline. Further studies showed that dietary supplementation of pure
chlortetracycline improved the BW gain of turkey poults (Stokstad and Jukes, 1950) and
chickens (Whitehill, 1950). Chlortetracycline was also found to promote BW gain in
swine (Jukes et al., 1950) and dairy calves (Rusoff et al., 1951). Later, research
established that supplementation of many other antibiotics improved the growth
performance of poultry and livestock.
In 2001, the United States Food and Drug Administration (FDA) approved 33
antimicrobial compounds for broiler feed supplementation without a veterinary
prescription (Miller, 2001). Jones and Ricke (2003) summarized that 15 of those
compounds were used for the treatment of coccidiosis, with 11 used as AGPs, and 7 used
for the control of other diseases. Among those, bacitracin, chlortetracycline,
erythromycin, lincomycin, novobiocin, oxytetracycline, and penicillin were also used in
human medicine to treat diseases. It was thought that the wide use of human antibiotics as
feed additives may contribute to the development of antibiotic resistance to human
pathogens.
Beginning in the 1950s, early concerns about the development of antibiotic
resistance were raised (Starr and Reynolds, 1951; Barnes, 1958). One of the first
antibiotic-resistant studies in poultry was conducted using the turkey as an animal model
(Starr and Reynolds, 1951). In this study, the use of streptomycin in turkey feed resulted
in the appearance of streptomycin-resistant coliform bacteria in the ileal contents within 3
d post-feeding. Researchers expressed their concerns that antibiotic use in agricutrual
animals may aggravate antibiotic resistance in human pathogens (Swann, 1969).
6

However, hygiene and disease control was thought to be more of a priority in poultry
production at that time. By regulating the gut microbiota, AGPs significantly improved
growth performance of birds, which allowed AGPs to be widely incorporated in the
poultry industry.
Benefits on Growth and Gut Health
The beneficial effects of AGP administration on poultry growth performance are
well documented. The inclusion of AGPs in feed was reported to reduce early mortality,
and improve feed utilization, BW gain, as well as meat production in broiler chickens
(Ashayerizadeh et al., 2009; Lee et al., 2012; Sharifi et al., 2012; Cravens et al., 2013;
Samuel et al., 2015). Additionally, dietary inclusions of AGPs have been shown to
improve meat quality by increasing the percentage of protein and lowering the percentage
of fat (Onifade 1997; Thomke and Elwinger, 1998). All growth improvements caused by
AGPs are thought to be associated with their antimicrobial activity, as antibiotics do not
have growth-promoting effects in germ-free animals. Butaye et al. (2003) summarized
that AGPs would: 1) decrease the toxins produced by intestinal bacteria; 2) lower the risk
of subclinical infections; 3) increase the level of available nutrients by inhibiting bacterial
competition; and 4) improve nutrient absorption by thinning the intestinal mucosa. By
inhibiting the growth of bacteria, AGPs limit the growth of gut microbiota and
environmental pathogens. This reduces energy and nutrient competition among bacteria,
thereby allowing more energy and nutrients to be allocated to the growth of the host
animal.
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Bacitracin, an AGP widely used in the broiler industry, can be used as a typical
example. Bacitracin is a mix of polypeptides that are produced by Bacillus licheniformis.
It limited the growth of Gram-positive bacteria by interfering with peptidoglycan
synthesis in cell walls (Stone and Strominger, 1971). More specifically, the inclusion of
bacitracin in poultry feed depresses the growth of gram-positive bacteria, including
Clostridium perfringens (pathogenic) and Lactobacillus salvarius (beneficial) (Engberg
et al., 2000). Both C. perfringens and L. salvarius are resident bacteria in the
gastrointestinal (GI) tract of chickens. By limiting the growth of gut microbiota, the
dietary inclusion of bacitracin may lower bacterial competition for nutrients and make
nutrients more available for growth in the host animal. Improvements in broiler
performance include improved feed conversion ratio (FCR) and BW gain (Abdulrahim et
al., 1999). Also important to note, C. perfringens may cause necrotic enteritis or chronic
enteritis in poultry (Songer, 1996). As previously menthioned, adding bacitracin in the
poultry diet can reduce a C. perfringens challenge and therefore reduce the energy
requirement of the birds by reducing their immune response to the toxins produced by C.
perfringens.
In addition to limiting bacterial activity in the GI tract, some AGPs reduce the
size of the GI tract. It has been speculated that the inclusion of AGPs can reduce bacterial
stimulation in the intestinal wall, which may result in a reduction of intestinal size
(Gaskins, 1998). Specifically, flavomycin, bacitracin, and virginiamycin have been
shown to reduce the lengths and weights of the intestinal tract in broiler chickens (Sarica
et al., 2005; Miles et al., 2006). A thinner intestine was also observed in broilers fed diets
8

containing bacitracin or virginiamycin (Miles et al., 2006). This is noteworthy, because a
reduction in the size of the intestines in fast-growing chickens is thought to allow the bird
to be more efficient in the absorption and utilization of nutrients (Ferket et al., 2002;
Dibner and Richards, 2005; Niewold, 2007). In chickens with reduced size of GI tract,
more energy and nutrients are channeled from the maintenance requirement of enteric
tissue and towards the growth of other parts of the bird.
Public Concern of Antibiotic-Resistance from Poultry Meat Consumption
Antibiotic-producing bacteria usually possess antibiotic-resistant genes, which
protect them from the action of an antibiotic (Linare et al., 2005; Piddock, 2006).
Through mutation and horizontal transfer, other bacteria can also possess similar
antibiotic-resistant genes. Bacteria that are naturally resistant to antibiotics have been
selected for this trait. However, the number of antibiotic resistant bacteria has increased
since the inception of antibiotic use in human medicine. In the United States,
approximately 2,000,000 people are estimated to be infected with antibiotic-resistant
bacteria annually (CDC, 2017).
In addition to human medical care, antibiotics have been approved for use in
animal production to prevent and control bacterial infections for decades. Animal
agriculture has expanded, and this expansion has increased the demand for antibiotics.
According to an FDA annual report (USDA, 2015), 14.8 million kilograms of antibiotics
were sold to the animal market in 2013, and more than half were used as AGPs. Thus,
consumers and customers are concerned that antibiotic use in animal production may be
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accelerating the production of antibiotic-resistant bacteria, and subsequently threatening
public health.
Some scientists believe that the use of antibiotics at high doses in clinical care is
the main cause of antibiotic-resistance, instead of the subtherapeutic use of antibiotics in
animal agriculture. However, the occurrence of antibiotic-resistant bacteria is thought to
be associated with the administration of dietary AGPs. Opatowski et al. (2010) conducted
an in vitro test and found that both antibiotic dose and exposure frequency changed the
bacterial resistance pattern. When exposure frequency was constant, the use of antibiotics
at clinical doses resulted in a low prevalence of antibiotic-resistant strains, whereas
subclinical doses of antibiotics resulted in a high prevalence of nonsusceptible strains.
Furthermore, more resistant bacteria were generated when bacteria were exposed
multiple times to subclinical doses of antibiotics. The use of AGPs in intensively reared
food-producing animals has been identified to contribute to the development and the
spread of resistant bacteria (Aarestrup et al., 2000 and 2001; McDermott et al., 2002).
As previously mentioned, bacitracin has been used for a long time to prevent
Clostridium perfringens-induced necrotic enteritis (NE) in poultry (Nairn and Bamford,
1967). However, a study in the United States demonstrated that 88.2% of Clostridium
perfringens found in poultry products were bacitracin resistant (Chan et al., 2015). A
correlation relationship between the use of bacitracin and the occurrence of antibiotic
resistant bacteria has been reported (Bager et al., 1997). The study was conducted using
data from 24 Danish poultry farms, where groups of farms were exposed or not exposed
to the avoparcin AGP. As a result, the occurrence of Enterococcus faecium exhibiting a
10

high level of resistance to vancomycin was correlated to the use of avoparcin AGP.
Antibiotic-resistant bacteria in poultry products and manure may also threaten public
health. Such threats may occur through contact with water contaminated by chicken
manure or through improper handling during food processing (Bogaard and Stobberingh,
2000). Data and concerns from consumers have prompted the World Health Organization
to issue the following statement: "the use of antimicrobials in agricultural animals causes
a public health issue and that a global plan was needed to reduce the use of these
compounds in animal husbandry" (WHO, 2014).
Additionally, in response to concerns over antibiotic resistant bacteria, several
countries have called for the removal of antibiotics from animal feed. Sweden was the
first country to eliminate AGPs in animal feed in 1985 (Aarestrup, 2003), which was
subsequently followed by the European Union in 2006 (European Commition, 2007).
Then, in 2013, the United States food and drug administration (FDA) initiated a
volunteer plan to phase out human-important antibiotics in animal feed. Thus far, 25 of
the largest fast-food companies, including Chick-fil-A and McDonalds, have started plans
to purchase meat produced without antibiotics (Chick-fil-A and McDonald's websites).
Consequently, Perdue and Tyson Foods, Chick-fil-A and McDonalds suppliers,
respectively, have also set their goals to phase out the use of sub-therapeutic antibiotics
by 2017 (Perdue and Tyson Farm Inc. websites).
Challenges of Antibiotic-Free Chicken Production
In response to requests from consumers and customers, broiler integrators have
initiated "antibiotic free" (ABF) production programs. The USDA-FSIS defined ABF
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chickens as those that "have never been given antibiotics
lack of antibiotic administration to embryos in the egg. Therefore, independent
hatcheries, grow-out houses, and processing plants are operations that must comply to
ABF standards. However, not all integrators follow this ABF trend. Sanderson Farms, the
third-largest poultry producer in the United States, has decided to continue the use of
non-human important antibiotics. This is due to concerns over poor chicken health and a
compromised growth rate. Some scientists also agree that the sudden withdrawal of
antibiotics might impair the production efficiency and welfare of ABF-raised poultry
(Cervantes, 2015; Vizzier et al., 2016).
Production Efficiency
It is generally accepted that the growth performance of chickens (weight gain,
FCR, mortality and meat yield) is adversely impacted by the withdrawal of dietary
antibiotics (Emborg et al., 2001; Butaye et al., 2003; Engster et al., 2003; Smith, 2011;
Gaucher et al., 2015). Perdue Farms conducted a long-term study testing the effects of
AGP withdrawal on the performance of broiler chickens (Engster et al., 2002). This was a
large-scale study with 7 million broilers, spanning three years, in 158 paired-houses.
They found that the removal of AGP resulted in an average reduction in livability from
0.1 to 0.2%, a decrease in uniformity, and a decrease in BW by 0.03 to 0.04 lbs, as well
as an increase in FCR by 0.012 to 0.016. When FCR increases, the feed is not used
efficiently by the bird. This results in an increase in feed consumption for a given BW.
Therefore, this would require more land to grow the needed additional feedstuffs.
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It is also generally accepted that stricter house management and practices need to
be followed to counteract reduced bird performance and health in ABF programs.
Cervantes (2015) documented the following practices to be potential challenges, which
involves reduced stocking density, increased downtime, more frequent cleaning-outs,
reduced litter moisture, stricter biosecurity, the maintenance of ideal temperatures,
reduced stress, etc. Placing new litter on farms can only temporarily improve the
performance of birds according to ABF programs (Engster et al., 2002). Replacing litter
on a regular basis also poses environmental problems. Additionally, the genetic selection
of broilers may need to be adjusted to further counteract the performance reductions in
poultry rasied under ABF guidelines. Genetic selection strategies include the selection for
tolerance to bacterial infections, strengthened immune function, etc. All of these factors
contribute to the high cost of ABF poultry production. Thus, low-income consumers
would buy fewer poultry products, which may negatively affect the poultry industry
(Smith, 2011).
Necrotic Enteritis
Another challenge encourtered by those producing ABF birds is that the
withdrawal of AGPs exposes the birds to environmental pathogens such as Clostridium
perfriengens. Without antibiotic protection, ABF chickens have a greater chance to be
infected with C. perfriengen with the induction of NE. A large-scale study involving 1.55
million birds was conducted on 8 commercial broiler farms in Canada to evaluate the
effects of AGP withdrawal on broiler health and growth. The ABF chickens received a
coccidial vaccine, and their diets were supplemented with an essential oil, and their water
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was acidified (Gaucher et al., 2015). The ABF birds exhibited a decreased BW gain and
an increased FCR as compared to the conventional birds. Also, 27.45% (14 flocks/51
flocks) of the ABF birds experienced C. perfringens and subsequent NE. Futhermore,
49.02% (25 flocks/51 flocks) of the birds developed subclinical enteritis. In the paired
conventional program, no NE or subclinical enteritis was observed. Also, the level of
fecal Clostridium perfringens in the birds subjected to the ABF program was higher than
that of those assigned to the conventional program.
As previously mentioned, NE is an enteric disease caused by C. perfringens and is
characterized by severe intestinal necrosis or chronic enterotoxemia (Songer, 1996).
Bacillus cereus may also cause NE (Lund et al., 2000); however, C. perfringens is
considered as the primary virulent agent. Clostridium perfringens, a Gram-positive and
spore-forming anaerobe, is pathogenic to humans as well as to chickens. It is ubiquitous
in the environment and can be found in soil, decaying organic matter, and animal GI
contents (Titball et al., 1999). The majority of NE cases are caused by type A strains of
C. perfringens. Type A strains of C. perfringens can

-toxin (Petit et al.,

-toxin is a phospholipase that

1999) and net-

hydrolyzes phospholipids and causes membrane disorganization of enterocytes (Titball et
al., 1999). The net-B toxin is a member of the pore-forming toxins, which can cause
lesions to chicken enterocytes (Keyburn et al., 2008). In an in vitro study, it was
demonstrated that the net-B toxin was able to form pores on the membrane of chicken
hepatoma cells (Keyburn et al., 2008). Through these lesions, C. perfringens can
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proliferate in enterocytes and further exacerbate GI tract damage, which may ultimately
cause animal death.
Based on the degree of intestinal damage and mortality of birds, NE is classified
into clinical and subclinical categories. Clinical NE is characterized by a sudden increase
of mortality without any outward signs, whereas subclinical NE is characterized as
chronic intestinal mucosal damage. Timbermont et al. (2011) pointed out that subclinical
NE is of more concern because it is undetected and birds remain untreated. Skinner et al.
(2010) also estimated that subclinical NE may result in $878.19 to $1,480.52 extra loss in
a flock of 20,000 broilers. In subclinical NE-infected birds, damaged enterocytes resulted
in decreased nutrient absorption, increased FCR, and reduced BW gain (Kaldhusdal et al.,
2001).
For any livestock operation, nutrition is important; howerver, in ABF programs,
nutrition should be placed at a higher priority because poor nutrition will predispose birds
to NE by interacting with C. perfringens in the GI tract. There are several documented
charateristics of diets that can predispose birds to NE. There include diets with a high
fiber content, which will increase digesta viscosity, decrease nutrient digestibility, and
prolong feed passage rate (Choct et al., 1996). Birds fed fiber-rich diets, such as wheat,
rye, oat, and barley-based diets, are susceptible to C. perfringens infection (Timbermont
et al., 2011). Also, animal protein-rich diets, such as fishmeal-based diets, have also been
reported to increase the incidence of NE of birds (Drew et al., 2004). Furthermore, diets
with high protein and poor digestibility lead to the retention of more protein in the GI
tract, thus promoting the growth of bacteria. Another diet factor that may predispose
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birds to NE is fat source. As compared to vegetable oil, animal fat increases the
prevelance of C. perfringens in the gut (Knarreborg et al., 2002). Lastly, research has also
demonstraste that feed uniformity will affect the ability of birds to defend against NE.
According to Engberg et al. (2002), birds fed feed containing non-uniform particles have
a higher chance of being infected by NE as compared to birds fed feed containing
uniform particles.
Coccidiosis
The best known predisposing factor to C. perfringens-induced NE are coccidia.
Coccidiosis is another economically important disease caused by the apicomplexan
protozoan Eimeria (Pellerdy, 1974). This disease hinders production efficiency by
adversely affecting intestinal absorption. Williams (2005) summarized that coccidial
infections could cause pathophysiological effects in poultry, including reduced weight
gain and poor FCR, reduced protein digestibility, villous atrophy, intestinal leakage of
plasma protein, and increased intestinal acidity.
Seven species of Eimeria in commercial chicken production have been described
(E. acervulina, E. brunetti, E. maxima, E. mitis, E. necatrix, E. praecox, and E. tenella).
Among these species, E. acervulina, E. maxima, and E. tenella contribute significantly to
coccidiosis infections in chickens (McDougald, 2003; De Gussem, 2007). These Eimeria
spp. proliferate in the intestinal tract, causing damage to the intestinal wall, facilitating
the growth of C. perfringens, and ultimately leading to NE in the host chicken
(McDougald and Fitz-Coy, 2008).
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The population of Eimeria parasites significantly increases by asexual
multiplication. Eimeria has a complex life cycle, including intracellular, extracellular,
asexual, and sexual stages, which complicates the host immune response (Yun et al.,
2000). The lifecycle of Eimeria takes 4 to 7 d to complete and consists of four processes:
infection, asexual multiplication, sexual reproduction, and transmission (Fanatico, 2006,
Figure 2.1).

Figure 2.1 Lifecycle of coccidia (Originated from Saxonet and adapted by Fanatico,
2006)
Within optimal temperature, oxygen concentration, and humidity ranges, Eimeria
oocysts sporulate and become infective (Reid, 1978). After birds ingest a sporulated
oocyst, the enzymatic function of the proventriculus and the grinding action of the
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gizzard break down oocysts, which allows them to release sporozoites (infection stage,
Reid, 1978). Eimeria sporozoites secrete proteins that form a moving junction at the
parasite-host cell membrane (Lal et al., 2009; Cowper et al., 2012). Through this
junction, sporozoites can invade the cell linings of the intestinal tract and cause lesions.
The population of Eimeria parasites significantly increases by asexual multiplication.
Sporozoites further develop into trophozoites (a growing stage that competes for nutrients
from the host), schizonts (a matured stage containing many merozoites) and merozoites
(a small trophozoite that is capable of initiating a new sexual or asexual cycle) (Reid and
Long, 1979). Finally, sexual reproduction takes place when male and female gametocytes
unite and form a zygote. Zygotes develop into oocytes with a thick wall and are shed in
the feces, thus starting another cycle of infection.
A coccidial infection is different from a bacterial or a viral infection, because
coccidia are "self-limiting," meaning that they usually stop multiplying before killing the
bird (Fanatico, 2006). Despite this, secondary bacterial infections brought on by coccidial
infections may cause severe enteritis and acute mortality in a flock. In commercial broiler
production, the occurrence of coccidiosis and unbalanced microbiota (C. perfringens
proliferation) are considered major factors that trigger NE (Williams, 2005). When
coccidia sporozoites invade the epithelium of the intestine, several resident bacteria in the
GI tract can also enter the damaged epithelium, utilize nutrients from the bird, and then
proliferate. As a result, an infection by Eimeria oocytes may alter the composition of
intestinal bacteria by offering binding sites for bacteria on epithelial cells (Kimura et al.,
1976). A previous study has reported that Eimeria infections decrease the levels of
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Lactobacilli and Bifidobacteria and increase the levels of C. perfringens and
Enterobacteria in the GI tract of broiler chickens (Kimura et al., 1976). The control of
Eimeria spp. in poultry production is critical for the prevention of coccidiosis and
secondary bacterial infections.
Traditionally, the poultry industry has relied on anticoccidials (chemical and
ionophoric), live coccidiosis vaccines, or rotations between drugs and vaccines for the
prevention of coccidiosis. In the United States, ionophore anticoccidials are also
withdrawn from feed fed to ABF-raised poultry. Most chemical anticoccidials are
considered less efficient than ionophores due to the rapid build-up of resistance by
coccidia (De Gussem, 2007). Therefore, coccidial vaccination becomes essential for the
prevention of coccidiosis in current ABF production programs.
Usually, a mixture containing the oocysts of different Eimeria spp. is used as a
coccidial vaccine to provide full protection to the intestines of chickens. This is due to the
fact that each Eimeria species invades a specific location within the GI tract. For
instance, E. acervulina causes lesions in the upper intestinal tract, whereas E. tenella
causes lesions in the ceca. Coccidial vaccination is usually administered by spraying a
low-dose of Eimeria oocysts on chicks at d of hatch. This exposure to oocytes boosts the
specific immunity of the chicks and ultimately protects them from coccidiosis in the later
phases of growth (Jenkins et al., 1991).
There are two types of coccidial vaccines that are applied in broiler production,
attenuated and virulent. The attenuated vaccine contains oocysts from precocious lines of
Eimeria spp., which lack asexual reproductive cycles of the original strain and have
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lower reproductive and pathogenic potential (De Gussem, 2007). Paracox (ScheringPlough Animal Health) and Livacox (Biopharm, Research Institute of Biopharmacy and
Veterinary Drugs, Shirley and Bedrnik, 1997) are two common commercially available
attenuated vaccines. In contrasting to an attenuated vaccine, a virulent vaccine is
considered more coccidial-resistant and efficient (De Guessem, 2007). Commercially
available virulent vaccines against chicken coccidiosis include Advent, Coccivac-B,
Coccivac-D, Coccivac-T, Eimeriavax 4M, Inovocox, Immucox I, Immucox II, Immucox
T, Hatchpak Cocci III. Paracox 5, Paracox 8, Livacox Q, Livacox T, Coxabic, and
Hipracox (Sundar et al., 2017).
To trigger a coccidiosis infection for purposes of research, chicks can be orally
gavaged with live Eimeria oocysts. Either a pure strain of oocysts (Song et al., 2017) or a
mixture of strains (Pender et al., 2016) can be used. To mimic coccidiosis in practical
poultry production, a high dose of coccidiosis vaccine containing live oocysts has been
used in serveral studies (Tan et al., 2014; Ritzi et al., 2016; Adedokun et al., 2016; Sand
et al., 2016). For example, when birds were orally gavaged on d 3 post-hatch with a 10x
dose of the Advent coccidial vaccine, birds exhibited a depression in growth performance
without observable clinical symptoms or an increased rate of mortality (Sand et al.,
2016). Adedokun et al. (2016) conducted a study using a 12x dose of the Coccivac B
vaccine to challenge broilers (Ross 708) on d 15 post-hatch. This coccidiosis challenge
depressed amino acid digestion, feed consumption, and BW gain of the birds from d 14 to
21 post-hatch; however, d 21 to 42 growth performance was not affected. Additionally,
when the birds were challenged with a 20x dose of the Coccivac B vaccine, they
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exhibited depressed growth performance, high immune activity, and inflammation within
the GI tract (Tan et al., 2014). Overall, by controlling the dose of the coccidiosis vaccine
and the age of the bird when the vaccine is administered, clinical or subclinical
coccidiosis can be induced in chickens in a research setting. Likewise, the coccidiosis
challenge model could be applied to ABF birds in order to study nutritional strategies for
coccidia defense in the field.
Antibiotic Alternatives
In general, nutritionists formulating ABF diets face the challenge of depressed
growth performance and bacterial diseases in broiler production. Searching for
alternatives to AGPs becomes an urgent mission for poultry nutritionists. Ideal
alternatives to AGP would provide similar beneficial effects as an AGP. Such potential
alternaives may include probiotics, prebiotics, synbiotics, essential oils, plant extracts,
etc. Bedford (2000) pointed out that the growth-promoting effects of AGP are associated
with their ability to regulate gut bacteria, because AGP exert no beneficial effects on
performance in germ-free animals. Based on the mode of action of AGPs, both
microbiota-modulating and immunomodulatory compounds are potential replacements.
Probiotics
Probiotics are defined as "mono- or mixed- cultures of living microorganisms
which beneficially affect the host by improving the properties of the indigenous
microbiota" (Fuller, 1992). There are three major categories of probiotics approved by
the FDA. These include Bacillus, [lactic-acid producing bacteria (Bifidobacterium,
Lactobacillus, and Streptococcus)], and yeasts (Saccharomyces). By either secreting
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antimicrobial compounds or lowering pH, probiotic cells can lower the population of
pathogenic bacteria in the GI tract (Forestier et al., 2001).
Bacillus is a spore-forming aerobe and most species are ubiquitously found in soil
and the natural environment. To compete with other bacteria in the environment, Bacillus
species can secrete large quantities of antimicrobial compounds, including peptide and
lipopeptide antibiotics, as well as bacteriocins (Stein, 2005). For example, bacitracin
produced by B. licheniformis can inhibit the growth of most Gram-positive bacteria, such
as C. perfingens (Stone and Strominger, 1971). As shown in Table 2.1, different Bacillus
spp. can secrete different antibiotics (Kat et al., 1977).
Table 2.1 Antimicrobial compounds produced by selected species of the genus Bacillus (Katz and
Demain, 1977)
Species

Antimicrobial compounds

B. brevis

Gramicidin S; Tyrocidine,;Linera gramicidin; Brevin, Edeine; Eseine;
Bresseine; Brevistin

B. subtilis

Mycobacillin; Subtilin; Bacilysin; Bacillomycin; Fungistatin; Bulbiformin;
Bacillin; Subsporin; Bacillocin; Mycosubtilin; Fungocin; Iturin; Neocidin;
Eumycin

B. pumilis

Micrococcin P; Pumilin; Tetain

B. mesentericus

Esperin

B. thiaminolyticus

Octophytin (Thianosine); Baciphelacin

B. licheniformis

Bacitracin; Lincheniformin; Proticin

B. polymyxa

Polymyxin; Colistin; Gatavalin; Jolipeptin

B. cirulans

Butirosin; Circulin; Polypeptin; EM-39; Xylostatin

B. laterosporus

Laterosporamine; Laterosporin

B. cereus

Biocerin; Cerexin; Thiocillin
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Bacillus subtilis, B. cirulans, B. coagulans, B. licheniformis, and B.
amyloliquefaciens possess probiotic characteristics that include the ability to balance gut
microbiota, enhance intestinal integrity, and improve the growth performance of broiler
chickens (Cartman et al., 2008; Zhou et al., 2010; Hung et al., 2012; Lei et al., 2015; Lin
et al., 2017). Specifically, the dietary inclusion of the probiotic, B. coagulans, promotes
the growth of intestinal villi and the enumeration of Lactobacilli in the GI tract as well as
BW gain of broiler chickens (Zhou et al., 2010; Hung et al., 2012). Supplementation of B.
amyloliquefaciens probiotics in broiler feed improves FCR, BW gain, protein digestibility,
and villus growth in the small intestine (Lei et al., 2015). Also, the inclusion of B.
amyloliquefaciens probiotics in poultry diets has improved the balance of intestinal
microbiota by lowering the percentage of Escherichia coli (Ahmed et al., 2014) and
increasing the percentage of Lactobacillus in cecal contents (Lei et al., 2015).
Furthermore, when the growth performance of chickens is compromised by C.
perfringens and Eimeria challenges, the inclusion of B. licheniformis-based probiotics
has restored the cecal microbiome and reduced this disturbance to BW gain (Lin et al.,
2017). The studies above indicate that using Bacillus species as probiotics in the feed has
the potential to replace AGPs.
Another group of probiotics are the lactic acid-producing bacteria. Lactobacillus
is one of the most common bacteria used as probiotic in animal production and human
food. Lactobacillus can regulate GI bacteria through the production of antimicrobial
substances (e.g. lactic acid and bacteriocin) and their adherence to the mucosa, as to
allow them to aggregate forming a barrier that prevents pathogen colonization (Ehrmann
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et al., 2002). For instance, the bacterocin produced by Lactobacillus acidophilus, lacatcin
B, has been shown to inhibit Streptococcus faecalis in an in vitro study (Barefoot and
Klaenhammer, 1983). Additionally, Lactobacillus spp. can competitively exclude
pathogens by their ability to strongly adhere to the GI tract (Gusils et al., 1999). The
authors found that Lactobacillus fermentum reduced the attachment of Salmonella
pullorum by 77%, while L. animalis was able to inhibit the adhesion of S. pullorum, S.
enteritidis, and S. gallinarum to host-specific epithelial fragments by 90, 88, and 78%,
respectively. That study also indicated the lectin-like structure of L. animalis worked as
specific sugar binder (glucose/mannose) and easily allowed for its adherence to the
membranes of host cells. In addition to the small intestinal epithelium, L. animalis and L.
fermentum were able to adhere to crop and cloaca epithelial cells.
Bacillus subtilis
Among those bacteria speices mentioned previously, the Bacillus subtilis is the
most common used probiotics included in the broiler feed. There are two major feed
forms for broilers: crumble (cracked pellet for young chicks) and pellet. The pelleting
process involves high temperature, moisture, and pressure. Bacillus spores can survive
these severe conditions and recover as active cells in the chicken GI tract (Latorre et al.,
2014). Therefore, they can be directly added to a mixer with other ingredients. Thus, B.
subtilis-based probiotics are widely applied in poultry feed. Previous studies clarify that
the B. subtilis-based probiotic supplementation in broiler diets can improve FCR, BW
gain, and the apparent nutrient retention of broiler chickens (Molnar et al., 2011; Sen et
al., 2012; Jeong and Kim, 2014; Gadda et al., 2017b).
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Probiotic Characteristics of Bacillus Subtilis
Bacillus subtilis is a spore-forming aerobe that is ubiquitously found in soil and
the GI tract of ruminants. When B. subtilis is subjected to stresses such as heat and
nutrition limitation, B. subtilis produces a dormant spore with a heat resistant cover
(Setlow et al., 2006). B. subtilis spores possess an inner and outer coat (Driks, 1999). The
outer layer is critical for lysozyme resistance (Zheng et al., 1988). The inner coat is dense
and thought to protect the DNA from UV light damage (Riesenman and Nickholson,
2000). With the protection of both coats, B. subtilis spores can survive in extreme
environments.
Optimal temperature, humidity, and nutrients can trigger Bacillus spores to
germinate to active cells. However, the numbers of B. subtilis cells in the chicken GI tract
decrease with time without the consecutive supplementation of B. subtilis probiotics. This
indicates that B. subtilis cells are transient members of the GI microbiota (Cartman et al.,
2008). As compared to other farm animals, the chicken has a relatively short GI tract
relative to total body size. The average feed passage time of broiler chickens ranges from
3 to 4 hours (Svihus et al., 2002). Bacillus subtilis spores must germinate into active cells
before they are flushed out of the GI tract by digesta. Therefore, the recovery rate of B.
subtilis spores in the GI tract is crucial for the efficiency of this product. Different species
of Bacillus may have different recovery rates. Thus, the recovery rate of different B.
subtilis spp. in the chicken should be studied before it is considered as an effective
probiotic.
Various strains of B. subtilis have been evaluated for their potential benefit to the
growth and intestinal health of the broiler chicken. Such strains include natto, PB6, B10,
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CSL2, fmbj, KT260179, S1-4, etc. Four growth-promoting mechanisms of B. subtilis are
summarized based on previous findings: 1) secretion of enzymes (Latorre et al., 2016), 2)
the enhancement of intestinal integrity (Sen et al., 2012; Jayaraman et al., 2013), 3)
improvement of local immunity (Sadeghi et al., 2015; Gadde et al., 2017c), and 4)
competitive exclusion of pathogenic bacteria in the GI tract (Jayaraman et al., 2013; Park
and Kim, 2014; Jeong and Kim, 2014).
Bacillus species are well known for their ability to produce large amounts of
enzymes. Bacillus subtilis, B. pumilis and B. cereus can produce keratinolytic protease,
and they are used in rendering mills for feather degradation (Kim et al., 2001). Latorre et
al. (2016) built a platform to select potential probiotics from various Bacillus species.
They selected probiotic candidates based on their enzyme production, antimicrobial
activity, and biofilm synthesis. One strain of B. subtilis (AB201120) was defined as a
superior enzyme producer that could produce large amounts of amylase, protease, lipase,
and phytase. These digestive enzymes may facilitate nutrient catabolism in the GI and
may thereby improve nutrient digestibility in broiler chickens.
Bacillus subtilis-based probiotics can promote intestinal villus development in
broiler chickens (Sen et al., 2012; Jayaraman et al., 2013; Rajput et al., 2013).
Additionally, the dietary inclusion of B. subtilis has been reported to reduce the incidence
of intestinal lesions caused by Eimeria oocytes (Jayaraman et al., 2013). A mixture
containing different B. subtilis species has been shown to improve intestinal barrier
integrity in chicks subjected to heat stress. This is accomplished by upregulation of the
tight junction gene, occludin (Song et al., 2014). Another study has also shown that the
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dietary supplementation of different B. subtilis-based probiotics (PB1, PB2, and PB3)
increased the expression of the tight junction genes, JAM2, ZO1, and occluding (Gadde et
al., 2017b).
Some B. subtilis cells can enhance the intestinal immune function of broiler
chickens under different challenge conditions. Gadde et al. (2017c) used
lipopolysaccharides (LPS) to induce immunological stress in the intestines of broiler
chickens. The LPS increased the expression of inflammatory cytokines, IL8 and
TNFSF15 in those birds. By feeding B. subtilis-based probiotics to LPS-challenged birds,
those immunological factors decreased to normal levels. Again, the reduction of the tight
junction proteins (JAM2, occluding, ZO1, and MUC2) in the LPS-challenged birds was
reversed by supplying B. subtilis-based probiotics in the feed. In another study, B.
subtilis-based probiotics also helped to restore the immunity of broilers against infectious
bursal viruses, that othervise would have been impaired by a Salmonella challenge
(Sadeghi et al., 2015).
Manipulating the Pathogens and Intestinal Bacteria
Bacillus subtilis-based probiotics can inhibit both indigenous and foreign
pathogens by competitive exclusion in the chicken GI tract. Bacillus subtilis in the diets
of broiler chickens has successfully depressed local pathogenic bacterial numbers, such
as that of Salmonella, C. perfringens and E. coli (Jayaraman et al., 2013; Park and Kim,
2014; Jeong and Kim, 2014). In another study using specific-pathogen-free layers, it was
shown that dietary supplementation of B. sublitis decreased the shedding of Salmonella
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Enteritidis, C. perfringens, and E. coli O78: K80 introduced in challenge regimen (La
Ragione et al., 2001; La Ragione and Woodward, 2003).
The antimicrobial activity of B. subtilis is proposed to be associated with its
bacteriocin production. Khochamit et al. (2015) reported that a potential probiotic strain,
B. subtilis KKU213, produced the bacteriocin, subtilosin A. This bacteriocin has a level
of high bioactivity. It is still functional after a high-temperature challenge (60 and
100°C), exposure to extreme pH (4 and 10), proteolytic enzyme challenge, and detergent
and heavy metal challenges. Abriouel et al. (2010) summarized that the bacteriocins
produced by Bacillus cells include subtilin, subtilin B, subtilosin A, subtilosin A1,
mersacidin, sublancin 168, betacin, MJP1, ericin S, ericin A, Bac 14B, and LFB112.
Consequently, these bacteriocins allow B. subtilis cells to inhibit the growth of other
bacteria, such as B. cereus, Listeria monocytogenes, Micrococcus luteus, and
Staphylococcus aureus (Khochamit et al., 2015).
Dietary supplementation of B. subtilis-based probiotics also promotes the growth
of beneficial bacteria in the chicken GI tract, such as Lactobacillus and Bifidobacterium
(Jeong and Kim, 2014; Forte et al., 2016). However, the effects of these enhanced levels
of beneficial bacteria are not consistent. Molnar et al. (2011) demonstrated that B. subtilis
(CHCC3810-DSM17299) decreased E. coli populations but failed to increase
Lactobacillus levels in the ileum or ceca.
As compared to traditional plate-counting, DNA sequencing technology allow
scientists to evaluate the effects of B. subtilis-based probiotics on the overall presence of
various intestinal microbiota. It is an effective means by which to evaluate the microbiota
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community in the gut. By sequencing bacterial amplicons (16S rRNA gene) and
referencing the bacterial information in databases, microbial diversity and composition
can be studied. For instance, as compared to broilers fed control diets, broilers fed diets
supplemented with B. subtilis (CGMCC1.1086) probiotics exhibited a higher abundance
of Alistipes, Odoribacter, Ruminococcus, Blautia and Desulfovibrio, and a lower
abundance of Staphylococcus and Escherichia-Shigella in cecal contents (Li et al., 2015).
Furthermore, dietary supplementation of B. subtilis restored the intestinal microbial
diversity and composition of chickens subjected to a Salmonella challenge (Oh et al.
2017). Specifically, the Salmonella-infected broilers had a higher abundance of
Turicibacter, Enterobacteriaceae, and Bacteroides; whereas the B. subtilis (CSL2)treated broilers had a higher abundance of Lactobacillus in their ileal contents.
Prebiotics
Prebiotics, which are non-digestible carbohydrates, can be metabolised by
probiotics and selective bacteria in the GI tract (Gibson and Roberfroid, 1995). Unlike
probiotics, prebiotics are not microorganisms. Instead, they act as nutrients for existing
microflora, which allows selective intestinal bacteria to grow naturally. Most prebiotics
consist of oligosaccharides with 3 to 6 sugar units and are commonly found in plants and
yeast cells. Prebiotics have been applied in human food for colitis prevention, cancer
inhibition, immunopotentiation, and the reduction of cardiovascular disease. Stowell
(2007) published a review of current prebiotics available for human use, and classified
them based on their use in the market. Inulin, fructo-oligosaccharides, galactooligosaccharides, lactulose, and polydextrose are recognized as established prebiotics,
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whereas isomalto-oligosaccharides, xylo-oligosaccharides, and lactitol are categorized as
emerging prebiotics.
Prebiotics have also been applied in animal feed to improve growth performance.
-D-glucan are popular prebiotics

Specifically, mannan-

used for poultry production. Prebiotics including 1,3 1,6- -D-glucan and MOS have
been reported to improve the FCR and white meat yield of broiler chickens (Park et al.,
2017). Arabinoxylo-oligosaccharide is another product resulting from arabinoxylo
degradation by xylanase. It can improve FCR and short-chain fatty acid production in the
cecum of broiler chicken (Keerqin et al., 2017). However, reports on the effects of
prebiotic use on broiler growth performance are inconsistent (Zhang et al., 2003; Huang
et al., 2005; Rahmatnejad et al., 2009; Alzueta et al., 2010). For instance, dietary
isomalto-oligo-saccharides has been shown to enhance growth performance during the
initial three weeks, but this effect was lost during the latter four weeks (Zhang et al.,
2003).
Additionally, prebiotics have the ability to enhance immunity and the gut
microbiota balance of broiler chickens (Ashraf et al., 2013; Mookiah et al., 2014). The
supplementation of feed with prebiotics can stimulate local immunity and alleviate
inflammation induced by pathogenic bacteria. Wang et al. (2016) reported that MOS
prebiotics derived from yeast cells attenuated E. coli-induced intestinal disruption by
alleviating intestinal inflammation and barrier dysfunction in broilers. This attenuation is
associated with an interaction between prebiotics and pathogens. MOS and xylooligosaccharide prebiotics can reduce S. Enteritidis colonization in the GI tract by
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offering competitive binding sites (Fernandez et al., 2000; Biggs and Parson, 2007;
Pourabedin et al., 2017). Instead of binding to enterocytes, pathogens can bind to
prebiotics and then be flushed out of with the GI tract. Another study has indicated that
both MOS and xylo-oligosaccharides modulate the relative abundance of the microbial
population in cecal contents of young chicks and can subsequently modulate the immune
response of the birds during infection (Pourabedin et al., 2017). Also, the dietary
inclusion of prebiotics increases the production of short-chain fatty acids, such as
butyrate in the cecal contents of chickens (Topping and Clifton, 2001; Mookiash et al.,
2014; Huff et al., 2015). Butyrate can be used as an energy source for enterocytes and
possesses anti-inflammatory properties (Greer and OKeefe, 2011).
Recently, a study was conducted in which the prebiotic was provided to young
chicks by in ovo injection in order to enhance their immunity (Slawinska et al., 2016).
Chicks injected with this prebiotic, galacto-oligosaccharides, exhibited a higher level of
lymphocytes in their cecal tonsils than did those without prebiotic injection (Slawinska et
al., 2016). Additionally, the galacto-oligosaccharides-based prebiotics triggered the
proliferation of indigenous embryonic bacteria. The authors speculated that the prebiotic
administration directly stimulated the growth of intestinal bacteria in chicks and
indirectly influenced their expression of immunity-related genes in the GI tract
(Slawinska et al., 2016).
Zinc
Minerals are essential nutrients for nutritional and pharmacological functions in
birds. High level zinc supplementation has been reported to inhibit intestinal pathogens,
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maintain intestinal integrity, and enhance the local immunity of broiler chickens (Lee et
al., 2011; Hu et al., 2013).
Zinc possesses broad-spectrum antimicrobial activity against E. coli,
Staphylococcus aureus and hyicus, Salmonella, Enterococcus faecalis, and human oral
anaerobes, including Streptococcus mutans, Fusobacterium nucleatun and Prevotella
intermedia (McCarthy et al., 1992; Aarestrup and Hasman, 2004; Sheng et al., 2005).
This ability was observed in an in vitro study using zinc chloride at 500 ppm, which was
able to inhibit the sporulation of Clostridium sporogens and the viability of vegetative
cells for up to 3 weeks (Lee et al., 2011). Lee et al. (2011) speculated that the
antimicrobial ability of zinc was associated with the interference of spore formation.
Another study proved that zinc reduced the sporulation of Bacillus thruringiensis (Icgen
et al., 2002). Thus, zinc may also inhibit the growth of Clostridium perfringens by
blocking its sporulation.
The degree of antimicrobial activity is thought to be associated with the source of
the zinc. A previous study has shown that supplementation of ZnO or ZnSO4 (60 ppm)
fails to lower Clostridium and Escherichia coli levels in the intestinal contents of broilers
(Hu et al., 2013). However, the supplementation of zinc in the form of Znmontmorillonite (60 ppm) decreased the level of Clostridium in the ceca. Roselli et al.
(2003) reported that dietary zinc protected chickens from pathogenic Escherichia coli by
inhibiting bacterial adhesion to the intestinal wall, rather than by killing the bacteria
itself.
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Dietary zinc supplementation also improves the intestinal integrity of farm
animals. Zhang and colleagues (Zhang and Guo, 2009; Zhang et al., 2012; Shao et al.,
2014) conducted several studies concerning zinc application in broilers and weaning
piglets. Shao et al. (2014) reported that dietary zinc supplementation repaired the
intestinal injury of broilers that resulted from their subjection to a S. Typhimurium
challenge. The zinc treatment also slowed down the apoptotic process of epithelial cells.
Furthermore, the zinc treatment increased the Lactobacillus population and reduced the
Salmonella population in the GI microbiota of infected birds. Consequently, the zinc
supplementation in broiler feed improved BW gain and feed intake, which were
depressed by the S. Typhimurium challenge. Another study proved that zinc
supplementation in the form of ZnO-montmorillonite increased trypsin activity in the
pancreas, resulting in improved broiler growth performance (Hu et al., 2013). These
authors believed that zinc enhanced mucosal barrier function by up-regulating tight
junction genes, including occluding and mucin-2, thus preventing pathogen invasion
(Zhang and Guo, 2009; Zhang et al., 2012).
The high inclusion of zinc in chicken feed has proven to enhance the immunity
and anti-stress ability of chickens (Bartlett and Smith, 2003). In that study, broilers were
raised either in a controlled or high-temperature environment, while being fed low (34
mg/kg), adequate (68 mg/ kg), or high zinc diets (181 mg/kg). The authors found that
heat stress caused a reduction in lymphoid organ weights, antibody responses, the
phagocytic ability of macrophages, and plasma zinc concentrations. However, these
responses returned to normal levels when birds were fed high zinc diets. Birds receiving
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high zinc diets exhibited higher IgM and IgG levels than those fed low or adequate zinc
diets. Immunoglobulins M and G in blood defend against external pathogens.
Additionally, Sunder et al. (2008) reported that broilers fed diets with a high level of zinc
exhibited enhanced cell-mediated immune activity. Those studies suggest that high zinc
supplementation has the potential to be used as antistress and immunopotentiation factor
in poultry production.
Others Products Used in ABF Programs
In addition to the potential products mentioned above, organic acids, plant
extracts, enzymes, synbiotics, phytobiotics, bacteriophages, clay, and antimicrobial
peptides have been evaluated as antibiotic alternative candidates (Gadde et al., 2017a).
Among them, organic acids, synbiotics, and exogenous enzymes are common products
applied in ABF programs that are used to improve gut health and nutrient digestibility.
Dietary organic acids are administered in the feed or drinking water in a salt form,
acid form, or a blend of multiple acids (Huyghebaert et al., 2011). Gadde et al. (2017a)
summarized that dietary supplementation of fumaric, butyric, lactic, citric, formic, malic,
sorbic, and tartaric acids improved the weight gain and feed efficiency of broiler
chickens. Gadde et al. (2017a) proposed 4 mechanisms for the action for organic acids: 1)
lowering pH in the crop, proventriculus, and gizzard; 2) reducing pathogenic bacteria and
increasing the level of acid-tolerant species, such as Lactobacillus, in the GI tract; 3)
increasing mineral digestibility, and 4) providing energy to epithelial cells.
The provision of probiotics and prebiotics together is considered as a synbiotic
supplement. The main importance of this form of synergism is that a probiotic alone,
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without prebiotic nourishment, cannot survive well in the digestive system (Sekhon and
Jairath, 2010). Once ingested, it is believed that synbiotics can ensure a high level of
viable probiotic cells (Trachoo et al., 2008). Previous studies have shown the importance
and benefits of this synergy and their effectiveness in helping young animals to achieve
better growth performance (Patterson and Burkholder, 2003).
Commercial exogenous enzymes used in poultry production include phytases,
carbohydrases, and proteases. Enzymes can improve the growth and FCR of birds by
improving the chemical breakdown of nutrients or eliminating anti-nutrient factors in
poultry feed (Selle and Ravindran, 2007; Adeola and Cowieson, 2011; Slominski, 2011).
Enzymes are also thought to affect intestinal microbiota by reducing undigested
substrates and generating short-chain oligosaccharides for bacterial consumption
(Bedford, 1995; Bedford and Cowieson, 2012). By improving nutrient digestibility and
improving microbial balance, enzymes can be considered as an antibiotic alternative.
Overall, broiler performance and feed efficiency are closely interrelated with the
the quantity and composition of intestinal bacteria. The antibiotic alternative feed
additives discussed in this dissertation can be included in broiler diets in order to
manipulate bacterial population in their intestines and to aid them in their defeses against
pathogenic bacteria. Thus, antibiotic alternatives such as Bacillus subtilis-based
probiotics, can be used as a nutritional strategy to prevent intestinal disease in ABF
broilers and to subsequently improve their production efficiency. In animal production,
zinc is usually put into feed as an adjuvant to bacitracin in order to enhance the
antimicrobial activity. In addition, prebiotics served as the nourishment for probiotic cells
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and a combination of prebiotics and probiotics is provided to animals. In this dissertation,
including Bacillus subtilis-based probiotics alone, with prebiotics, or with zinc
supplementation into the antibiotic-free feed were evaluated.
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EFFECTS OF PREBIOTICS, PROBIOTICS, AND THEIR COMBINATION ON
GROWTH PERFORMANCE AND GUT HEALTH OF MALE BROILERS
Abstract
Effects of commercial antibiotics and the individual and combinational use of
prebiotics and probiotics in feed from 0 to 41 d on the growth performance, intestine
development, and resident microbiota of broiler chickens were determined. A total of
1,040 one day-old male Ross × Ross 708 broilers were randomly distributed to 80 floor
pens (5 treatments, 16 replications per treatment, 13 chicks per pen). Five dietary
treatments were employed: 1) a corn soybean-meal basal diet which served as a negative
-

control diet (NC

glucans (Pre); 3) a basal diet supplemented with 3 Bacillus subtilis strains (Pro); 4) a
basal diet supplemented with prebiotics and probiotics (Pre + Pro); and 5) a basal diet
supplemented with antibiotics and anticoccidials (served as a positive control diet, PC).
The BW of broilers was not improved when they were fed Pre diets that exhibited the
highest resident relative level of ileal Lactobacillus on 14 d of age (doa). Broilers fed PC
diets exhibited the highest BW gain from 15 to 27 doa, the lowest duodenum, jejunum,
and ileum weights as percentages of BW on 27 doa, and the highest breast weight on 42
doa. Broilers fed Pro or Pre + Pro diets exhibited the highest BW gain from 28 to 41 doa,
and the highest overall BW gain from 0 to 41 doa. Dietary treatment did not affect ileal
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morphology or relative levels of resident Escherichia coli on any age. In conclusion, PC
diets decreased broiler intestine size on 27 doa, which may have subsequently lowered
their maintenance energy costs, increased their allocation of energy towards growth, and
consequently improved their BW gain from 15 to 27 doa. Increasing the colonization of
Lactobacillus in the ileum of young broilers fed diets containing Pre alone may not
facilitate their growth. However, the current study suggests that the inclusion of Pro or
Pre + Pro in broiler diets may improve their overall growth, especially at a later age.
Key Words: intestine, microbiota, performance, prebiotics, probiotics
Introduction
Antibiotics in poultry diets are used to inhibit pathogenic bacteria growth and
improve feed conversion efficiency and meat production (Stutz and Lawton, 1984;
Feighner and Dashkevicz, 1987; Gaskins et al., 2002). However, consumers are
concerned that antibiotic usage may increase levels of antibiotic resistant bacteria and
antibiotic residues in poultry meat (Chapman, 1998; Al-Ghamdi et al., 2000). In 2006, the
European Union banned the use of several antibiotics as growth promoters in chicken
diets. In the United State, a voluntary plan was initiated at the end of 2013 to eventually
remove certain antibiotics in feed as growth promotants (Food and Drug Administration).
Prebiotics, probiotics, synbiotics, essential oils, and plant extracts are considered as
alternative products to antibiotics for the improvements of chicken intestine health and
growth performance in the poultry industry.
Prebiotics, which are non-digestible carbohydrates with selective influences on
digestive tract microbiota, are an alternative product used for improvement of the balance
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of chicken intestinal microbials in digesta (Hume, 2011; Kim et al., 2011; Bozkurt et al.,
2014). Mannan oligosaccharide (MOS), a type of commercial prebiotic, has been
reported to prevent gram-negative pathogen infection by competitive exclusion in
chicken gastrointestinal (GI) tracts (Baurhoo et al., 2007a; Yang et al., 2008). It was
reported that the inclusion of MOS in chicken diets may enhance immune function,
intestine mucosa layer growth, and microbiota diversity (Baurhoo et al., 2007b; Kim et
al., 2009; Chee et al., 2010; Pourabedin et al., 2014). Beta-glucan, a type of
polysaccharide, is also reported to benefit broilers by improving innate immune function
and growth (Chae et al., 2006; Zhang et al., 2008; Cho et al., 2013). However, the
prebiotic effect on microbiota appears to depend on the age and individual differences of
birds (Zhang et al., 2003; Biggs and Parsons, 2007).
Probiotics are live microbial feed additives that maintain microbial balance in the
GI tract of the host animal (Fuller, 1989). Bacillus subtilis, a probiotic supplement in
broiler diets, was reported to lower Escherichia Coli and Campylobacter populations in
digesta, lower fat deposition, improve feed conversion, and promote meat yield (Santoso
et al., 1995; Fritts et al., 2000; Teo and Tan, 2007). Recently, research has shown that the
inclusion of both prebiotics and probiotics in diets (synbiotics) alleviate heat stress, and
improve the gut health and growth broilers (Jung et al., 2008; Awad et al., 2009;
Mookiah et al., 2014). However, improvements in the growth performance of broilers has
not been demonstrated in all studies in which the effects of prebiotics and probiotics have
been investigated (Erdogan et al., 2010; Maiorano et al., 2012; Sohail et al., 2012).
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Little attention has been paid
glucans, and Bacillus subtillis on broiler growth and intestine structure. Also, limited

attention has been paid as to the resident microbiota which attach to the intestine mucosal
layer. In the current study, effects of supplemental commercial antibiotics and the
individual and combinational use of prebiotics and probiotics on broiler intestine
morphology, resident microflora, growth performance, and carcass yield were
determined.
Materials and Methods
Birds, Diets, and Management
A total of 1,040 Ross × Ross 708 male broiler chicks were obtained from a
commercial hatchery and randomly distributed to 80 floor pens with 13 birds/pen (0.0846
m2/bird). The 80 pens were divided into 16 blocks by their location in an environmentally
controlled broiler house. Basal diets (Table 3.1) were formulated to meet the nutritional
requirements of male broilers exhibiting a standard performance (Rostagno et al., 2011)
from 0 to 42 d of age (doa). The flowing 5 experimental diets were randomly assigned to
5 pens in each block: 1) a negative control diet (NC, a basal diet containing no antibiotics
or anticoccidials); 2) a basal diet supplemented with prebiotics (Pre, a basal diet
containing supplemental mannan oligosaccharides a

-glucans, at 170 and 250 g/ton of

feed, respectively); 3) a basal diet supplemented with probiotics (Pro, a basal diet with 3
Bacillus subtilis strains, at 300,000 CFU/g of feed); 4) a basal diet supplemented with
prebiotics and probiotics (Pre + Pro, a basal diet containing supplemental mannan
-glucans, at 170 and 250 g/ton of feed, respectively, and 3
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Bacillus subtilis strains, at 300,000 CFU/g of feed); and 5) a basal diet supplemented with
antibiotics and anticoccidial (PC, a basal diet containing added bacitracin methylene
disalicylate, nicarbazin, and narasin, at 50, 54, and 54 g/ton of feed, respectively).
Bacillus strains and spore counts in the finished feed were confirmed by plate counting.
Each pen was equipped with one hanging feeder and four nipple drinkers. Used
litter obtained from commercial broiler houses was used to simulate a commercial broiler
production environment; however, chicks were not challenged by any extra pathogens.
Water and feed were provided on an ad libitum basis. A 24L:0D photoperiod from 0 to 7
doa and a 20L:4D photoperiod from 8 to 42 doa were provided. All bird husbandry,
handling methods, and experimental procedures were approved by the Institutional
Animal Care and Use Committee of Mississippi State University.
Growth Performance and Carcass
Body weight and feed weight were recorded at 0, 14, 27, and 41 doa on a pen
basis. Body weight gain, feed intake (FI), and feed conversion ratio (FCR) were
determined in each age interval, daily mortality was recorded, and FCR was adjusted by
accounting for the BW of each dead bird. At 42 doa, 4 birds per pen were randomly
selected for processing and deboning. Carcass, fat pad, breast, tender, wing, drumstick,
and thigh weights were recorded.
Tissue Sampling
At 14, 27, and 41 doa, 1 bird per pen was randomly selected to determine the
lengths and weights of the duodenum, jejunum, and ileum. Birds were weighed,
euthanized by CO2 asphyxiation, and dissected. The 3 segments of small intestine were
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excised and measured (Wang et al., 2015). For gut morphology analysis, a 1.0 cm
intestinal tissue sample was collected from the proximal end of the jejunum. For PCR
analysis, a 2.5 cm tissue sample was obtained from the distal end of the ileum of each
bird. Each tissue sample was serially rinsed three times in 10 mL glass tubes containing
PBS to remove the digesta. Samples for morphology analysis were stored in 10%
buffered formalin phosphate (Fisher Scientific, Fair Lawn, NJ). Samples for PCR
analysis were stored in 5 mL cryo-vials, dipped in liquid nitrogen for 5 seconds, and
placed on dry ice until being stored at -80°C. Ileum digesta was squeezed into a 10 mL
conical tube and stored at -20°C for viscosity testing.
Jejunum Morphological Examination
Histological slides were prepared for 5 jejunum samples from each treatment at
each age (14, 27, and 40 doa, 3 ages × 5 replications × 5 treatments, 75 slides in total).
Each jejunum sample was embedded in paraffin and serially
Two sections from each jejunum sample were mounted on a glass slide and stained with
Alcian Blue stain. The Alcian Blue reagent was used to detect acid mucin-producing
goblet cells (Spicer, 1965).
Villi and goblet cells were photographed using a light microscope (Micromaster,
Fisher Scientific) according to the method described by Fasina et al. (2010).
Morphometric parameters of jejunum villi were performed at a 40 × magnification, and
goblet cell measurements were performed at a 400 × magnification. All measurements
were analyzed using Image J software (National Institutes of Health, Bethesda, MD).
Morphometric parameters including villus length, mid-point villus width, crypt depth,
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and goblet cell size were recorded according to the procedure of Fasina et al. (2010).
Also, the muscle thickness of the jejunum was measured according to the method of
Wang et al. (2015).
Collection of Microbial Samples, DNA Extraction, and PCR
Bacterial DNA was extracted from 5 ileum samples from each treatment at each
age (3 ages × 5 replications × 5 treatments, 75 samples in total). The bacterial samples
from mucosa were prepared using a modified method of Gong et al. (2002). Briefly, the
ileum sections were vigorously washed in saline containing 0.1% Tween 80 for 30
seconds. The washing solutions were pooled, and the bacterial cells were collected by
centrifugation at 27,000 × g for 20 min at 4 °C. The cell pellets were stored at - 20°C
until DNA extraction.
Bacterial genomic DNA was extracted using a QIAamp Fast DNA Stool Mini Kit

and purities of genomic DNA were measured using a Nanodrop Spectrophotometer (ND
1000; Wilmington, DE). Primers for Escherichia coli and Lactobacillus were designed
using a 16S rRNA region for each bacteria. The universal primers were used to determine
the total microflora population. The primers used in this study are listed in Table 2. To
amplify the bacterial DNA sequence, 120 ng of DNA
PCR mixture containing 400nM of each primer, 25 mM of nucleotide mix (dNTP), 1 ×
PCR buffer, 1.25 U of Tag DNA polymerase, and supplemental nuclease-free water. The
amplification conditions of the PCR thermal cycle were as follows: 1 cycle at 95 °C for 3
min, 40 cycles of 94 °C for 30 s, the specific annealing (Table 3.2) for 1 min, and
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extending temperature at 72 °C for 1 min, and then another cycle at 72 °C for 7 min. The
PCR products were separated on a 1% agarose electrophoresis gel stained with ethidium
bromide, and were photographed under UV light with a BioDoc-it Imaging System
(UVP, Upland, CA). Intensities of the DNA bands, indicating microbial populations,
were quantitated using an Image J program (National Institutes of Health). The bacterial
level of each individual bird was determined by dividing its specific bacterial PCR band
intensity by its universal bacteria PCR band intensity (Figure 1-a). Lactobacillus levels of
each treatment group were expressed as percentages of the NC group (Figure 1-b).
Ileum Viscosity Test
All ileum digesta samples were thawed and centrifuged at 7,200 × g for 10 min
for supernatant extraction. The viscosity of each 0.5 mL supernatant sample was
measured at 20 rpm and 25 °C using a Brookfield Programmable Viscometer (model:
LVDV-II + Pro; Brookfield Engineering Laboratories, Stoughton, MA).
Statistical Analysis
A randomized complete block design with 16 replications (blocks) was used to
test for the effects of dietary treatment on BW gain, FI, FCR, intestinal length, and
intestinal weights as percentage of BW, and jejunal digesta viscosity. A randomized
complete block design with 5 replications (blocks) was used to determine the effects of
dietary treatment on jejunal morphology parameters and relative levels of resident ileal
Escherichia coli and Lactobacillus at each age. Dietary treatment was designated as a
fixed effect and block was designated as a random effect. All parameters were analyzed
using SAS version 9.2 (SAS Institute, 2010). The PROC GLM procedure was applied,
58

difference test was used to separate treatment means. Dietary treatment effects were
considered to be significant at P

0.05.
Results

Growth Performance and Carcass Weights
In the current trial, there was on significant difference in the feed intakes of the
broilers belonging to the different dietary treatment groups (Table 3.3). Furthermore,
from 0 to 14 doa, dietary treatment did not affect the BW gain or FCR of the broilers.
However, from 15 to 27 doa, broilers fed PC diets gained more weight than did those fed
NC diets, Pre diets, or Pro diets. Broilers fed PC diets also exhibited a lower FCR than
those fed Pre diets or Pro diets. Broilers fed Pre + Pro diets exhibited an FCR that was
similar to those fed NC or PC diets, but was lower than those fed Pre diets. From 28 to 41
doa, broilers fed Pro diets or Pre + Pro diets gained more weight than those fed NC diets,
Pre diets, or PC diets. Broilers fed Pre + Pro diets exhibited a lower FCR than those fed
Pre diets. Overall, broilers fed Pro diets or Pre + Pro diets gained more weight from 0 to
41 doa than those fed NC diets or Pre diets. When compared to Pre diets, Pro diets, Pre +
Pro diets, and PC diets decreased the FCR of broilers from 0 to 41 doa.
Dietary treatment did not affect carcass, fat pad, tender, wing, drumstick, or thigh
weights of broilers at 42 d (Table 3.4). Broilers fed PC diets had similar breast meat yield
as those fed Pre + Pro diets, but had a higher breast meat yield than those fed NC, Pre, or
Pro diets at 42 doa.
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Small Intestine Size and Morphology Exam and Digesta Viscosity
Dietary treatment did not affect the lengths or weights of the duodenum, jejunum,
ileum, or whole small intestine at 14 doa (Table 3.5). At 27 doa, broilers fed Pro diets
exhibited longer jejuna than those fed Pre diets, Pre + Pro diets, or PC diets. Similarly,
broilers fed Pro diets exhibited the longest small intestine lengths at 27 doa. Broilers fed
PC diets exhibited lower duodenal weights as percentage of BW than those fed Pre diets,
Pro diets, and Pre + Pro diets at 27 doa. Furthermore, broilers fed PC diets exhibited the
lowest jejunum, ileum, and small intestine weights as percentage of BW at 27 doa. At 40
doa, the duodena of broilers fed Pre + Pro diets were longer than those fed Pro diets or
PC diets. The duodena of broilers fed NC diets and Pre diets were longer than those of
broilers fed PC diets at 40 doa, and broilers fed Pre diets and PC diets exhibited higher
ileal weights as percentage of BW at d 40. At all broiler ages, dietary treatment did not
affect jejunal villus length, width, crypt depth, muscle thickness, or goblet cell size, and
did not affect ileal digesta viscosity (Table 3.6).
Ileal Resident Bacteria
Dietary treatment did not affect the relative level of Eschericia coli attached to the
ileum wall on 14, 27 or 40 doa (data not shown). Dietary treatment also did not affect the
relative level of Lactobacillus attached to the ileum wall on d 14 or 40 (data not shown).
Nevertheless, compared to the NC diet, the Pre diet increased the relative level of
Lactobacillus attached to the ileum wall on 14 doa by 227% (P = 0.046, Figure 3.1). In
addition, except for the Pre + Pro dietary treatment, broilers fed Pre diets exhibited higher
relative Lactobacillus levels than other birds fed all other dietary treatments.
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Discussion
In the current experiment, the inclusion of antimicrobial additives in broiler diets
decreased intestine weight relative to BW at 27 doa and improved their BW gain from 15
to 27 doa. This is consistent with previous research showing that antibiotics can reduce
intestinal lengths and weights (Stutz et al., 1984; Sarica et al., 2005; Miles et al., 2006).
Miles et al. 2006 also observed thinner intestine walls in broilers fed diets containing
antibiotics. Reduced intestinal size in fast growing chickens may reflect a more efficient
absorption and utilization of nutrients in response to the use of antibiotics as growth
promotants (Ferket et al., 2002; Dibner and Richards, 2005; Niewold, 2007). A decease in
intestine size suggests that more energy is being partitioned towards growth rather than
maintenance, which leads to an increase in BW gain. Furthermore, antimicrobial
supplements have been shown to inhibit bacterial growth and to subsequently channel
energy towards growth instead of bolstering immune function (Smirnov et al., 2005;
Baurhoo et al., 2009; Kim et al., 2011). However, in this particular study, the inclusion of
commercial antibiotics did not affect Lactobacillus or Escherichia Coli populations
resident in the ileum mucosal layer. Previous research showed that the inclusion of
antibiotics in chicken diets may inhibit the growth of Lactobacillus and Escherichia Coli
in ceca (Chen et al., 2012; Lin et al., 2013; Salim et al., 2013). However, different results
may exist for other microbiota in the digesta.
The PC diet, containing antimicrobial additives, increased 42 doa breast weight.
This is consistent with previous research (Nissen et al., 1994; Belay and Teeter, 1996;
Ashayerizadeh et al., 2009). However, the antimicrobial additives used in the current
experiment did not increase other carcass parts or BW gain from 0 to 41 doa. Without
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affecting total BW, the relative contributions of various carcass parts to total BW has
been shown in other studies to be affected by the inclusion of specific antibiotics in
broiler diets (Izat et al., 1990 and 1991). It has also been reported that some nutrient
(lysine) or enzyme feed additives (protease) have improved chicken breast meat yield
without affecting the yield of other carcass parts (Rezaei et al., 2004; Wang et al., 2006).
From those studies, diets with higher nutrient levels, exogenous enzymes, or
antimicrobial additives have been observed to primarily promote chicken breast meat
yields. This is probably due to the fact that the pectoralis muscle contains a higher
percentage of fast growing muscle tissue (white muscle), which may make it more
sensitive to nutrition manipulation.
-glucans alone did not improve BW in this study. Previous
research has also shown that results are inconsistent regarding improvements in the
growth performance of broilers in response to the use of prebiotics (Zhang et al., 2003;
Huang et al., 2005; Rahmatnejad et al., 2009; Alzueta et al., 2010). In addition to
improving performance by regulating specific bacterial growth, benefits by using both
MOS and beta -glucan have been well documented to on innate immune function
(Williams et al., 1996; Cheng et al., 2004; Lowry et al., 2005; Novak and Vetvicka, 2008;
Gomez-Verduzco et al., 2009; Kim et al., 2011; Bozkurt et al., 2012). In the current
study, the experimental broilers were not subjected to any extra bacteria or environmental
challenges. Therefore, the inability to demonstrate any benefits from the use of prebiotics
in this study may be due to the limited exposed of the birds to these challenges.
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Even though no significant improvement in growth performance was observed,
the dietary

-glucans (Pre) increased the ratio of Lactobacillus in

the ileal mucosa layer at an early age. Mannan oligosaccharides have also been reported
to promote Lactobacillus growth in chicken ceca (Fernandez et al., 2002; Baurhoo et al.,
2007a, b; Pourabedin et al., 2014). Mannan oligosaccharide is not considered as a direct
substrate for microbial fermentation. However, it may inhibit the growth of gram
negative pathogenic bacteria by offering them a competitive binding site (Firon et al.,
1982; White et al., 2002). More enteric binding sites may have further been exposed so as
to favor Lactobacillus colonization in the mucosal layer. Although only a few studies
have been conducted evaluating the effects of -glucans on chicken intestinal microflora,
it has been shown that -glucans may enrich Lactobacillus populations in rat ceca (Snart
et al., 2006; Shen et al., 2012). Cereal -glucan has been shown to increase intestinal
content viscosity, which may lower nutrient digestibility and increase the incidence of
sticky droppings (McNab and Smithard., 1992; Bedford, 1995; Dikeman et al., 2006).
However, the -glucan product used that was extracted from yeast wall did not increase
digesta viscosity in the current study.
In comparison to other groups, in this experiment, broilers fed diets containing 3
Bacillus subtilis strains (Pro) exhibited longer small intestine lengths at 27 doa. Other
commercial direct-fed microbial additives used in early research have also shown to
improve villi length, width, and total intestine weights (Lee et al., 2010; Sharifi et al.,
2012; Salim et al., 2013). Although mucosal layer improvements were not observed, the
Pro diets used in this study may benefit intestine development by increasing total small
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intestine length. A longer small intestine is indicative of larger digestive and absorptive
areas, which would subsequently improve nutrient utilization and absorption, and would
thereby improve growth performance. When compared to the NC and Pre groups, the
early increase in intestine length, in response to Pro supplementation, may have
facilitated higher BW gain in the broilers from 28 to 41 doa. This may have subsequently
allowed for a higher cumulative BW gain from d 0 to 41. This is consistent with previous
reports showing that Bacillus subtilis supplementation in broiler diets may improve BW
gain (Fritts et al., 2000; Chen et al., 2009; Salim et al., 2013; Li et al., 2014). In addition
to improving intestine development, Bacillus subtilis can secret the enzymes
phospholipase, protease, amylase, and lipase, which may increase nutrient digestion and
subsequently improve growth performance (Santoso et al., 2001; Selvam et al., 2009).
Bacillus subtilis may also improve chicken performance by improving microflora balance
in the GI tract (La Ragione and Woodward, 2003; Knap et al., 2010; Park and Kim,
2014). Although Bacillus subtilis did not affect relative Lactobacillus or Escherichia coli
populations in the ileal mucosa this study, they may help regulate microbial growth in the
digesta. Teo and Tan (2006) reported that supplemental Bacillus subtilis PB6 (one strain
isolated from a healthy chicken) elevated the level of Lactobacillus in the contents of the
intestine. With this in mind, Lactobacillus and Escherichia coli populations in digesta
and in intestinal mucosa should be determined in the future. In addition, determination of
the effects of Pre and Pro treatments on pathogenic Salmonella spp. and Clostridium spp.
populations should help to elucidate the mechanisms by which Pre and Pro treatments
benefit the growth and health of birds.
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In the current trial, broilers

-

glucans, and Bacillus subtilis gained similar weight as those fed diets with Bacillus
subtilis, but also experienced compensatory growth later in the growout period.
-glucans, and Bacillus subtilis did not improve
-glucans, or
Bacillus subtilis. These results are consistent with those of a previous study in which
Lactobacillus and isomalto-oligosaccharides exhibited no synergistic effect (Mookiah et
al., 2014). However, the current results contrast with those of other studies in which rats
were used to test for the effects of Bifidobacterium and oligofructose. The results of those
studies showed that Bifidobacterium and oligofructose acted synergistically to improve in
intestine microbial activity (Gallaher and Khil, 1999; Femia et al., 2002). In other study
on rats, oligosaccharides were also shown to promote the adherence of probiotics to
intestinal mucosa (Sengul et al., 2006; Stack et al., 2010). However, synergism may
depend on the specific combination of prebiotics and probiotics that are employed in
chicken feed. Therefore, future research should to be conducted to understand the role of
direct-fed microbial additives and oligosaccharides in improving microbial balance in the
intestines of chickens.
-glucans in broiler diets may enhance the

In conclusion,

attachment of Lactobacillus to the ileal mucosa of the intestines of broilers at an early age
without affecting BW gain. However, the use of antimicrobial feed additives may have
decreased chicken intestine size, thereby allocating more maintenance energy towards
body growth. In this particular study, Bacillus subtilis (Pro) or the combined use of Pre
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and Pro (Pre + Pro) promoted broiler BW gain and throughout the growout period so that
a BW similar to that of PC-fed broilers was reached by 41 doa.

66

References
Al-Ghamdi, M. S., Z. H. Al-Mustafa, F. El-Morsy, A. Al-Faky, I. Haider, and H. Essa.
2000. Residues of tetracycline compounds in poultry products in the eastern province of
Saudi Arabia. Public Health. 114:300-304.
Alzueta, C., M. L. Rodriguez, L. T. Ortiz, A. Rebole, and J. Trevino. 2010. Effects of
inulin on growth performance, nutrient digestibility and metabolisable energy in broiler
chickens. Br. Poult. Sci. 51:393-398.
Amit-Romach, E., D. Sklan, and Z. Uni. 2004. Microflora ecology of the chicken
intestine using 16S ribosomal DNA primers. Poult. Sci. 83:1093-1098.
Ashayerizadeh, A., N. Dabiri, O. Ashayerizadeh, K. H. Mirzadeh, H. Roshanfekr, and M.
Mamooee. 2009. Effect of dietary antibiotic, probiotic and prebiotic as growth promoters,
on growth performance, carcass characteristics and hematological indices of broiler
chickens. Pak. J. Biol. Sci. 12:52-57.
Awad, W. A., K. Ghareeb, S. Abdel-Raheem, and J. Bohm. 2009. Effects of dietary
inclusion of probiotic and synbiotic on growth performance, organ weights, and intestinal
histomorphology of broiler chickens. Poult. Sci. 88:49-56.
Baurhoo, B., A. Letellier, X. Zhao, and C. C. Ruiz-Feria. 2007a. Cecal populations of
lactobacilli and bifidobactera and Escherichia coli populations after in vivo Escherichia
coli challenge in birds fed dits with purified lignin or mannaoligosaccharides. Poult. Sci.
86:2509-2516.
Baurhoo, B., L. Phillip, and C. A. Ruiz-Feria. 2007b. Effects of purified lignin and
mannan oligosaccharides on intestinal integrity and microbial populations in the ceca and
litter of broiler chickens. Poult. Sci. 86:1070-1078.
Baurhoo, B., P. R. Ferket, and X. Zhao. 2009. Effects of diets containing different
concentrations of mannan oligosaccharide or antibiotics on growth performance,
intestinal development, cecal and litter microbial populations, and carcass parameters of
broilers. Poult. Sci. 88:2262-2272.
Bedford, M. R. 1995. Mechanism of action and potential environmental benefits from the
use of feed enzymes. Anim. Feed Sci. Technol. 53:145-155.
Belay, T., and R. G. Teeter. 1996. Virginiamycin and caloric density effects on live
performance, blood serum metabolite concentration, and carcass composition of broilers
reared in thermoneutral and cycling ambient temperatures. Poult. Sci. 75:1383-1392.
Biggs, P., and C. M. Parsons. 2007. The effects of several oligosaccharides on true amino
acid digestibility and true metabolizable energy in cecectomized and conventional
roosters. Poult. Sci. 86:1161-1165.
Bozkurt, M., K. Kucukyilmaz., A. U. Catli, M. Cinar, E. Bintas, and F. Coven. 2012.
Performance egg quality, and immune response of laying hens fed diets supplemented
67

with mannan-oligosaccharide or an essential oil ixture under moderate and hot
environmental conditions. Poult. Sci. 91:1379-1386.
Bozkurt, M., N. Aysul, K. Kucukyilmaz, S. Aypak, G. Ege, A. U. Catli, H. Aksit, F.
Coven, K. Seyrek, and M. Cinar. 2014. Efficacy of in-feed preparations of an
anticoccidial, multienzyme, prebiotic, probiotic, and herbal essential oil mixture in
healthy and Eimeria spp.-infected broilers. Poult. Sci. 93:389-399.
Chae, B. J., J. D. Lohakare, W. K. Moon, S. L. Lee, Y. H. Park, and T. W. Hahn. 2006.
Effects of supplementation of beta-glucan on the growth performance and immunity in
broilers. Res. Vet. Sci. 80:291-298.
Chapman, H. D. 1998. Evaluation of the efficacy of anticoccidial drugs against Eimeria
species in the fowl. Int. J. Parasitol.28:1141-1144.
Chee, S. H., P. A. Iji, M. Choct, L. L. Mikkelsen, and A. Kocher. 2010. Characterisation
and response of intestinal microflora and mucins to manno-oligosaccharide and antibiotic
supplementation in broiler chickens. Br. Poult. Sci. 51:368-380.
Chen, K., J. Gao, J. Li, Y. Huang, X. Luo, and T. Zhang. 2012. Effects of probiotics and
antibiotics on diversity and structure of intestinal microflora in broiler chickens. Afri. J.
Microbio. Res. 6:6612-6617.
Chen, K. L., W. L. Kho, S. H. You, R. H. Yeh, S. W. Tang, and C. W. Hsieh. 2009.
Effects of Bacillu subtilis var. natto and Saccharomyces cerevisiae mixed fermented feed
on the enhanced growth performance of broilers. Poult. Sci. 88:309-315.
Cheng, Y. H., D. N. Lee, C. M. Wen, and C. F. Weng. 2004. Effects of beta-glucan
supplementation on lymphocyte proliferation, macrophage chemotaxis and specific
immune responses in broilers. Asian-australas. J. Anim. Sci. 17:1145-1149.
Cho, J. H., Z. F. Zhang, and I. H. Kim. 2013. Effects of Single or Combined Dietary
Supplementation of Beta-Glucan and Kefir on Growth Performance, Blood
Characteristics and Meat Quality in Broilers. Br. Poult. Sci. 54:216-221.
Dibner, J. J., and J. D. Richards. 2005. Antibiotic growth promoters in agriculture:
history and mode of action. Poult. Sci. 84:634-643.
Dikeman, C. L., M. R. Murphy, and G. C. Fahey. 2006. Dietary fibers affect viscosity of
solutions and simulated human gastric and small intestinal digesta. J. Nutr. 136:913-919.
Erdogan, Z., S. Erdogan, O. Aslantas, and S. Celik. 2010. Effects of dietary
supplementation of synbiotics and phytobiotics on performance, caecal coliform
population and some oxidant/antioxidant parameters of broilers. J. Anim. Phys. Anim.
Nutr. 94:e40-48.
Fasina, Y. O., F. J. Hoerr, S. R. McKee, and D. E. Conner. 2010. Influence of Salmonella
enterica serovar Typhimurium infection on intestinal goblet cells and villous morphology
in broiler chicks. Avian Dis. 54:841-847.

68

Femia, A. P., C. Luceri, P. Dolara, A. Giannini, A. Biggeri, M. Salvadori, Y. Clune, K. J.
Collins, M. Paglierani, and G. Caderni. 2002. Antitumorigenic activity of the prebiotic
inulin enriched with oligofructose in combination with the probiotics Lactobacillus
rhamnosus and Bifidobacterium lactis on azoxymethane-induced colon carcinogenesis in
rats. Carcinog. 23:1953-1960.
Feighner, S. D., and M. P. Dashkevicz. 1987. Subtherapeutic levels of antibiotics in
poultry feeds and their effects on weight gain, feed efficiency, and bacterial cholyltaurine
hydrolase activity. Appl. Environ. Microbiol. 53:331-336.
Ferket, P. R., C. W. Parks, and J. L. Grimes. 2002. Benefits of dietary antibiotic and
mannan oligosaccharide supplementation for poultry. 22 Pages. in: Proc. Multi-State
Poult. Feeding and Nutr. Conf., Indianapolis, Indiana USA. May 14-16.
Fernandez, F., M. Hinton, and B. V. Gils. 2002. Dietary mannan-oligosaccharides and
their effect on chicken caecal microflora in relation to Salmonella Enteritidis
colonization. Avian Patholo. 31:49-58.
Firon, N., I. Ofek, and N. Sharon. 1982. Interaction of mannose-containing
oligosaccharides with the fimbrial lectin of Escherichia coli. Biochem. Biophys. Res.
Commun. 105:1426-1432.
Fritts, C. A., J. H. Kersey, M. A. Motl, E. C. Kroger, F. Yan, J. Si, Q. Jiang, M. M.
Campos, A. L.Waldroup, and P. W. Waldroup. 2000. Bacillus subtilis C-3102
(Calsporin) improves live performance and microbiological status of broiler chickens. J.
Appl. Poult. Res. 9:149-155.
Fuller, R. 1989. Probiotic in man and animal. J. Appl. Bacteriol. 66:365-378.
Gallaher, D. D., and J. Khil. 1999. The effect of synbiotics on colon carcinogenesis in
rats. J. Nutr. 129:1483S-1487S.
Gaskins, H. R., C. T. Collier, and D. B. Anderson. 2002. Antibiotics as growth
promotants: mode of action. Anim. Biotechnol. 13:29-42.
Gomez-Verduzco, G., A. Cortes-Cuevas, C. Lopez-Coello, E. Avila-Gonzalez, and G. M.
Nava. 2009. Dietay supplementation of mannan-oligosaccharide enhances neonatal
immune responses in chickens during natural exposure to Eimeria spp. Acta. Vet. Scand.
51:11.
Gong, J., R. J. Forster, H. Yu, J. R. Chambers, P. M. Sabour, R. Wheatcroft, and S. Chen.
2002. Diversity and phylogenetic analysis of bacteria in the mucosa of chicken ceca and
comparison with bacteria in the cecal lumen. FEMS Microbiol. Lett 208:1-7.
Huang, R. L., Y. L. Yin, G. Y. Wu, Y. G. Zhang, T. J. Li, L. L. Li, M. X. Li, Z. R. Tang,
J. Zhang, B. Wang, J. H. He, and X. Z. Nie. 2005. Effect of dietary oligochitosan
supplementation on ileal digestibility of nutrients and performance in broilers. Poult. Sci.
84:1383-1388.
Hume, M. E. 2011. Historic perspective: prebiotics, probiotics, and other alternatives to
antibiotics. Poult. Sci. 90:2663-2669.
69

Lee, K. W., S. H. Le, H. S. Lillehoj, G. X. Li, S. I. Jang, U. S. Babum M. S. Parkm D. K.
Kim, E. P. Lillehoj, A. P. Neumann, T. G. Rehberge, and G. R. Siragusa. 2010. Effects of
direct-fed microbial on growth performance, gut morphometry and immune
characteristics in broiler chickens. Poult. Sci. 89:203-216.
Lin, J., A. A. Hunkapiller, A. C. Layton, Y. J. Chang, and K. R. Robbins. 2013. Response
of intestinal microbiota to antibiotic growth promoters in chickens. Foodborne Pathog.
Dis. 10:331-337.
Lowry, V. K., M. B. Farnell, P. J. Ferro, C. L. Swaggerty, A. Bahl, and M. H. Kogut.
-glucan as an abiotic feed additive up-regulates the innate immune
response in immature chickens against Salmonella enterica serovar Enteritidis. Int. J.
Food Microbiol. 98:309-318.
Iji, P. A., A. A. Saki, and D. R. Tivey. 2001. Intestinal structure and function of broiler
chickens on diets supplemented with a mannan oligosaccharide. J. Sci. Food Agric.
81:1186-1192.
Izat, A., M. Colberg, M. Reiber, M. Adams, J. Skinner, M. Cabel, H. Stilborn, and P.
Waldroup. 1990. Effects of different antibiotics on performance, processing
characteristics, and parts yield of broiler chickens. Poult. Sci. 69:1787-1791.
Izat, A. L., M. Colberg, M. A. Reiber, M. H. Adams, J. T. Skinner, M. C. Cabel, H. L.
Stilborn, and P. W. Waldroup. 1991. Comparison of different anticoccidials on
processing characteristics and parts yield of broiler chickens. Poult. Sci. 70:1419-1423.
Jung, S. J., R. Houde, B. Baurhoo, X. Zhao, and B. H. Lee. 2008. Effects of galactooligosaccharides and a Bifidobacteria lactis-based probiotic strain on the fecal microflora
of broiler chickens. Poult. Sci. 87:1694-1699.
Knap, I., A. B. Kehlet, M. Bennedsen, G. F. Mathis, C. L. Hofacre, B. S. Lumpkins, M.
M. Jensen, M. Raun, and A. Lay. 2010. Bacillus subitilis (DSM17299) significantly
reduces Salmonella in broilers. Poult. Sci. 90:1690-1694.
Kim, C. H., K. S. Shin, K. C. Woo, and I. K. Paik. 2009. Effect of dietary
oligosaccharides on the performance, intestinal microflora and serum immunoglobulin
contents in laying hens. Kor. J. Poult. Sci. 36:125-131.
Kim, G. B., Y. M. Seo, C. H. Kim, and I. K. Paik. 2011. Effect of dietary prebiotic
supplementation on the performance, intestinal microflora, and immune response of
broilers. Poult. Sci. 90:75-82.
Li, Y. B., Q. Q. Xu, C. J. Yang, X. Yang, L. Lv, C. H. Yin, X. L. Liu, and H. Yan. 2014.
Effects of probiotics on the growth performance and intestinal micro flora of broiler
chickens. Pak. J. Pharm. Sci. 27:713-717.
Malinen, E., A. Kassinen, T. Rinttila, and A. Palva. 2003. Comparison of real-time PCR
-nuclease assays and dot-blot hybridization with rDNA-targeted
oligonucleotide probes in quantification of selected faecal bacteria. Microbiol. 149:269277.
70

Maiorano, G., A. Sobolewska, D. Cianciullo, K. Walasik, G. Elminowska-Wenda, A.
Slawinska, S. Tavaniello, J. Zylinska, J. Bardowski, and M. Bednarczyk. 2012. Influence
of in ovo prebiotic and synbiotic administration on meat quality of broiler chickens.
Poult. Sci. 91:2963-2969.
McNab, J. M., and R. R. Smithard. 1992. Barle
poultry feeding. Nutr. Res. Rev. 5:45-60.

-glucan: An antinutritional factor in

Miles, R. D., G. D. Butcher, P. R. Henry, and R. C. Littell. 2006. Effect of antibiotic
growth promoters on broiler performance, intestinal growth parameters, and quantitative
morphology. Poult. Sci. 85:476-485.
Mookiah, S., C. C. Sieo, K. Ramasamy, N. Abdullah, and Y. W. Ho. 2014. Effects of
dietary prebiotics, probiotic and synbiotics on performance, caecal bacterial populations
and caecal fermentation concentrations of broiler chickens. J. Sci. Food Agri. 94:341348.
Niewold, T. A. 2007. The nonantibiotic anti-inflammatory effect of antimicrobial growth
promoters, the real mode of action? A hypothesis. Poult. Sci. 86:605-609.
Nissen, S., J. C. Fuller, J. E. Sell, P. R. Ferket, and D. V. Rives. 1994. The effect of betahydroxy-beta-methyl butyrate on growth, mortality, and carcass qualities of broiler
chickens. Poult. Sci. 73:137-155.
Novak, M., and V. Vetvicka. 2008. Beta-glucans, history, and the present:
immunomodulatory aspects and mechanisms of action. J. Immunotoxicol. 5:47-57.
Park, J. H., and I. H. Kim. 2014. Supplemental effect of probiotic Bacillus subtilis B2A
on productivity, organ weight, intestinal Salmonella microflora, and breast meat quality
of growing broiler chicks. Poult. Sci. 93:1-6.
Pourabedin, M., Z. Xu, B. Baurhoo, E. Chevaux, and X. Zhao. 2014. Effects of mannan
oligosaccharide and virginiamycin on the cecal microbial community and intestinal
morphology of chickens raised under suboptimal conditions. Can. J. Mcrobiol. 60:255266.
Rahmatnejad, E., H. Roshanfekr, O. Ashayerizadeh, M. Mamooee, and A.
Ashayerizadeh. 2009. Evaluation the effect of several non-antibiotic additives on growth
performance of broiler chickens. J. Anim. Vet. Adv. 8:1757-1760.
Rezaei, M., H. N. Moghaddam, J. P. Reza, and H. Kermanshahi. 2004. The effects of
dietary protein and lysine levels on broiler performance, carcass characteristics and N
excretion. Int. J. Poult. Sci. 3:148-152.
Rostagno, H. S., L. F. T. Albino, J. L. Donzele, P. C. Gomes, R. F. De Oliveira, D. C.
Lopes, A. S. Ferreira, S. L. T. Barreto, and R. F. Euclides. 2011. Brazilian tables for
poultry and swine: Feed composition and nutritional requirements. 3rd ed. Vicosa Federal
University, Vicosa, MG, Brazil.
Salim, H. M., H. K. Kang, N. Akter, D. W. Kim, J. H. Kim, M. J. Kim, J. C. Na, H. B.
Jong, H. C. Choi, O. S. Suh, and W. K. Kim. 2013. Supplementation of direct-fed
71

microbials as an alternative to antibiotic on growth performance, immune response, cecal
microbial population, and ileal morphology of broiler chickens. Poult. Sci. 92:2084-2090.
Santoso, U., K. Tanaka, and S. Ohtani. 1995. Effect of dried Bacillus subtilis culture on
growth, body composition and hepatic lipogenic enzyme activity in female broiler chicks.
Br. J. Nutr. 74:523-529.
Santoso, U., K. Tanaka, S. Ohaniand, and M. Saksida. 2001. Effect of fermented product
from Bacillus subtilis on feed efficiency, lipid accumulation and ammonia production in
broiler chicks. Asian-australas. J. Anim. Sci. 14:333-337.
Sarica, S., A. Ciftci, E. Demir, K. Kilinc, and Y. Yildirim. 2005. Use of an antibiotic
growth promoter and two herbal natural feed additives with and without exogenous
enzymes in wheat based broiler diets. S. Afr. J. Anim. Sci. 35:61-72.
SAS Institute. 2010. SAS Proprietary Software Release 9.2. SAS Inst. Inc., Cary, NC.
Selvam, R., P. Maheswari, P. Kavitha, M. Ravichandran, B. Sas, and C. N. Ramchand.
2009. Effect of Bacillus subtilis PB6, a natural probiotic on colon mucosal inflammation
and plasma cytokines levels in inflammatory bowel disease. Indian. J. Biochem. Biophys.
46:79-85.
Sengul, N., B. Aslim, G. Ucar, N. Yucel, S. Isik, H. Bozkurt, Z. Sakaogullari, and F.
Atalay. 2006. Effects of exopolysaccharide-producing probiotic strains on experimental
colitis in rats. Dis. Colon Rectum. 49:250-258.
Sharifi, S. D., A. Dibamehr, H. Lotfollahian, and B. Baurhoo. 2012. Effects of
flavomycin and probiotic supplementation to diets containing different sources of fat on
growth performance, intestinal morphology, apparent metabolizable energy, and fat
digestibility in broiler chickens. Poult. Sci. 91:918-927.
Shen, R. L., X. Y. Dang, J. L. Dong, and X. Z. Hu. 2012. Effects of out -glucan on fecal
characteristic, intestinal microflora, and intestinal bacterial metabolites in rats. J. Agir.
Food Chem. 60:11301-11308.
Snart, J., R. Bibiloni, T. Grayson, C. Lay, H. Zhang, G. E. Allison, J. K. Laverdiere, F.
Temilli, T. asanthan, R. Bell, and G. W. Tannock. 2006. Supplementation of the diet with
high-viscosity beta-glucan results in enrichment for lactobacilli in the rat cecum. Appl.
Environ. Microbiol. 72:1925-1931.
Smirnov, A., R. Perez, E. Amit-Romach, D. Sklan, and Z. Uni. 2005. Mucin dynamics
and microbial populations in chicken small intestine are changed by dietary probiotic and
antibiotic growth promoter supplementation. J. Nutr. 135:187-192.
Sohail, M. U., M. E. Hume, J. A. Byrd, D. J. Nisbet, A. Ijaz, A. Sohail, M. Z. Shabbir,
and H. Rehman. 2012. Effect of supplementation of prebiotic mannan-oligosaccharides
and probiotic mixture on growth performance of broilers subjected to chronic heat stress.
Poult. Sci. 91:2235-2240.
Spicer, S. S. 1965. Diamine methods for differentiating mucosubstances histochemically.
J. Histochem.Cytochem.13:211-234.
72

Stack, H. M., N. Kearney, C. Stanton, G. F. Fitzgerald, and R. P. Ross. 2010. Association
of beta-glucan endogenous production with increased stress tolerance of intestinal
lactobacilli. Appl. Environ. Microbiol. 76:500-507.
Stutz, M. W., and G. C. Lawton. 1984. Effects of diet and antimicrobials on growth, feed
efficiency, intestinal Clostridium perfringens and ileal weight of broiler chicks. Poult.
Sci. 63:2036-2042.
Teo, A. Y., and H. M. Tan. 2007. Evaluation of the performance and intestinal gut
microflora of broilers fed on corn-soy diets supplemented with Bacillus subtilis PB6
(CloSTAT). J. Appl. Poult. Res. 16:296-303.
Walter, J., C. Hertel, G. W. Tannock, C. M. Lis, K. Munro, and W. P. Hammes. 2001.
Detection of Lactobacillus, Pediococcus, Leuconostoc, and Weissella species in human
feces by using group-specific PCR primers and denaturing gradient gel electrophoresis.
Appl. Environ. Microbiol. 67:2578-2585.
Wang, J. J., J. D. Garlich, and J. C. H. Shih. 2006. Beneficial effects of versazyme, a
keratinase feed additive, on body weight, feed conversion, and breast yield of broiler
chickens. J. Appl. Poult. Res. 15:544-550.
Wang, X., E. D. Peebles, T. W. Morgan, R. L. Harkess, and W. Zhai. 2015. Protein
source and nutrient density in the diets of male broilers from 8 to 21 d of age: Effects on
small intestine morphology. Poult. Sci. 94:61-67.
White, L. A., M. C. Newman, G. L. Cromwell, and M. D. Lindemann. 2002. Brewers
dried yeast as a source of mannan oligosaccharides for weanling pigs. J. Anim. Sci.
80:2619-2628.
Williams, D. L., A. Mueller, W. Browder. 1996. Glucan-based macrophage stimulators-A
review of their anti-infective potential. Clin. Immunother. 5:392-399.
Yang, Y., P. A. Iji, A. Kocher, E. Thomson, L. L. Mikkelsen, and M. Choct. 2008.
Effects of mannanoligosaccharide in broiler chicken diets on growth performance, energy
utilization, nutrient digestibility and intestinal microflora. Br. Poult. Sci. 49:186-194.
Zhang, B., Y. Guo, and Z. Wang. 2008. The modulating effect of -1,3/1,6-glucan
supplementation in the diet on performance and immunological responses of broiler
chickens. Asian-Austr. J. Anim. Sci. 21:237-244.
Zhang, W. F., D. F. Li, W. Q. Lu, and G. F. Yi. 2003. Effects of isomaltooligosaccharides on broiler performance and intestinal microflora. Poult. Sci. 82:657-663.

73

Table 3.1 Feed ingredient composition and calculated nutrient contents of basal diets
Item
Ingredient, %
Corn
Soybean meal
ProPlus, 57%
Poultry fat
Dicalcium phosphorus
Calcium carbonate
Salt
L-Lysine hydronchloride
Premix1
DL-Methionine
L-Threonine
Ronozyme
Econase XT
Sand2
Nutrient contents3
ME (Kcal/kg)
CP, %
Crude fiber, %
Crude fat, %
Ca, %
Available P, %
Na, %
Digestible Lysine, %
Digestible Methionine, %
Digestible TSAA, %
Digestible Threonine, %

D 0 to 14

D 15 to 28

D 29 to 41

65.00
27.06
5.00
0.500
0.220
0.658
0.379
0.230
0.250
0.302
0.150
0.000
0.010
0.020

65.00
26.90
5.00
1.246
0.000
0.557
0.342
0.092
0.250
0.243
0.082
0.020
0.020
0.020

66.54
24.78
5.00
1.862
0.000
0.568
0.343
0.096
0.250
0.213
0.066
0.020
0.020
0.020

3,044
21.90
2.19
3.46
0.819
0.391
0.210
1.174
0.576
0.846
0.784

3,100
21.59
2.18
4.19
0.732
0.350
0.195
1.062
0.518
0.787
0.713

3,148
20.60
2.15
4.83
0.732
0.347
0.195
1.010
0.478
0.737
0.666

1

Premix contained the following per kilogram of diet: retinyl acetate, 2.654 µg;
cholecalciferol, 110 µg; DL- -tocopherol acetate, 9.9 mg; menadione, 0.9 mg; vitamin
B12, 0.01 mg; folic acid, 0.6 µg; choline, 379 mg; D-pantothenic acid, 8.8 mg; riboflavin,
5.0 mg; niacin, 33 mg; thiamine, 1.0 mg; D-biotin, 0.1 mg; pyridoxine, 0.9 mg;
ethoxyquin, 28 mg; manganese, 55 mg; zinc, 50 mg; iron, 28 mg; copper, 4 mg; iodine,
0.5 mg; selenium, 0.1 mg.
2
Experimental additives [including prebiotics (mannan oligos
-glucans,
170 and 250 g/ton of feed, respectively), probiotics (3 Bacillus subtilis strains, 300,000
CFU/g of feed), and antibiotic and anticoccidial (bacitracin methylene disalicylate,
nicarbazin, and narasin, 50, 54, and 54 g/ton of feed, respectively)] were added in
replacement of sand.
3
Nutrient contents were calculated on a dry matter basis.
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Table 3.4 Carcass and part weights of broilers fed experimental diets at 42 d of age 1
Fat
Carcass pad
(kg)
(g)

Breast Tender
Wing
Drumstick Thigh
Items
(g)
(g)
(g)
(g)
(g)
2
Diets
NC
2.087 31.81
548.7b 120.3
223.4
263.2
328.0
Pre
2.094 33.39
548.3b 119.9
225.9
263.7
327.3
b
Pro
2.131 32.91
549.7
118.6
228.8
271.8
339.1
ab
Pre + Pro 2.134 32.75
565.6
121.4
228.1
268.2
336.7
a
PC
2.151 32.49
576.4
119.2
227.5
269.6
334.7
SEM
0.019 1.170
7.83
2.03
2.12
2.77
4.20
P-value
0.084 0.912
0.035
0.927
0.393
0.126
0.122
a, b
Means in a row for a given major effect or interaction not sharing a common
1

Observed means are calculated from 16 replicate values using the pen as the
experimental unit.
2
Diets: negative control diet (NC, a basal diet without supplements); a basal diet
supplemented with prebiotics (Pre
glucans, 170 and 250 g/ton of feed, respectively); a basal diet supplemented with
probiotics (Pro, a basal diet with 3 Bacillus subtilis strains, 300,000 CFU/g of feed); a
basal diet supplemented with prebiotics and probiotics (Pre + Pro); and a practical diet
(PC, a basal diet with bacitracin methylene disalicylate, nicarbazin, and narasin, 50, 54,
and 54 g/ton of feed, respectively).
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Table 3.6 Jejunum morphology and ileum digesta viscosity of broilers
Age

Variable

NC

D14

2

)
Viscosity (centipoise)
D 27

2

)
Viscosity (centipoise)
D 40
V

2

)
Viscosity (centipoise)

1,487
135
204
195
3,760
2.14
2,091
215
216
201
3,288
2.89
1,711
263
365
249
2,777
2.06

Pre

Pro

1,510
148
212
201
6,109
2.54
1,870
258
191
208
3,196
2.31
1,579
269
340
246
3,191
1.95

1

1,651
122
191
210
3,929
2.44
1,878
199
226
198
4,312
2.79
1,353
582
360
254
3,483
2.20

Pre + Pro PC

SEM

1,646
166
189
180
4,270
2.50
1,912
230
202
212
3,295
2.55
1,895
313
451
237
4,405
2.18

107.4
18.7
16.2
25.0
817.3
0.110
157.2
42.9
18.1
23.2
672.0
0.167
189.5
17.5
50.0
29.0
741.8
0.105

1,685
151
163
131
3,024
2.37
1,655
281
201
203
2,806
2.75
1,579
302
324
226
3,840
2.03

P-value
0.588
0.538
0.305
0.196
0.113
0.087
0.365
0.546
0.669
0.992
0.553
0.115
0.420
0.990
0.576
0.954
0.325
0.422

Observed means of morphology parameters are calculated from 5 replicate values using
the pen as the experimental unit. Observed means of viscosity is calculated from16
replicate values.
2
Diets: negative control diet (NC, a basal diet without supplements); a basal diet
supplemented with prebiotics (Pre, a basal diet
glucans, 170 and 250 g/ton of feed, respectively); a basal diet supplemented with
probiotics (Pro, a basal diet with 3 Bacillus subtilis strains, 300,000 CFU/g of feed); a
basal diet supplemented with prebiotics and probiotics (Pre + Pro); and a practical diet
(PC, a basal diet with bacitracin methylene disalicylate, nicarbazin, and narasin, 50, 54,
and 54 g/ton of feed, respectively).
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Figure 3.1 The dietary effects on ileal resident bacteria at 14 d of age
(a) Representative PCR results showing the ileal Lactobacillus 16S rRNA band intensity
(above) and responding universal 16S rRNA band (below).
(b) Lactobacillus relative levels at 14 d of age. Lactobacillus level was determined by
dividing lactobacillus band intensity by universal band intensity. Relative Lactobacillus
levels of each treatment group were Lactobacillus levels relative to NC group (NC =
100%).
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EFFECTS OF COCCIDIAL VACCINATION AND DIETARY ANTIBIOTIC
LTERNATIVES ON THE GROWTH PERFORMANCE, INTERNAL
ORGAN DEVELOPMENT, AND INTESTINAL MORPHOLOGY
OF EIMERIA-CHALLENGED MALE BROILERS
Abstract
Effects of coccidial vaccination and dietary antimicrobial alternatives on growth
performance, internal organ development, and intestinal morphology of male broilers
subjected to an Eimeria challenge were determined. A total of 1,120 one d-old Ross ×
Ross 708 male broilers were randomly distributed to 80 floor pens (10 treatments, 8
replication pens/treatment, and 14 chicks/pen). A 2 × 5 factorial arrangement of
treatments was used to determine the main and interaction effects of coccidial vaccination
(vaccinated or non-vaccinated) and dietary additive [1) corn and soybean-meal basal diet,
2) basal diet + antimicrobials (bacitracin and salinomycin), 3) basal diet + probiotics (3
Bacillus subtilis strains), 4) basal diet + prebiotics (mannan-

-

glucans), and 5) basal diet + probiotics + prebiotics]. To mimic the Eimiera challenge, all
chicks were gavaged with a 20x dose of commercial coccidial vaccine (live Eimeria
oocysts) at d 14. Intestinal lesions and hemorrhages were observed. Coccidial vaccination
decreased d 0-14 and 29-42 BW gain (BWG) and subsequently decreased d 0-56 BWG
and absolute carcass weight at d 56. Broilers fed diets with antibiotics exhibited the
81

lowest feed conversion ratio (FCR) during the periods of d 0-14, 15-28, and 0-56 and the
lowest relative duodenum weight on d 14, 28, and 42. Combined use of prebiotic and
probiotic additives facilitated broilers to reach an FCR similar to that of the antibiotics
treatment group. There was no interaction between vaccination and dietary additive on
growth performance or any absolute or relative carcass parts weights, with the exception
of absolute breast weight. When compared to the antimicrobial, prebiotic, and probiotic
treatments, the probiotic and prebiotic combination increased absolute breast weight of
non-vaccinated broilers at d 56. These data suggest that probiotic and prebiotic
combination may be an effective alternative to antimicrobials for improving the feed
conversion of broilers subjected to a coccidiosis challenge.
Key words: antibiotic alternative, broiler, coccidial vaccination, Eimeria challenge,
growth performance
Introduction
Antibiotics have been used in broiler production for the therapeutic treatment and
prevention of bacterial infections and for subsequent growth promotion. According to
Food and Drug Administration statistics, 80% of antibacterial drugs used in the United
States in 2011 were used in animal production (FDA, 2011 and 2012; Done et al., 2015).
Consumers are concerned about the overuse of antibiotics in animal production. This
concern stems from a potential acceleration of the selection of antibiotic-resistant bacteria
in food supplies which may subsequently threaten public health. In response to
consumers and FDA s requests for a reduction in antibiotic use in animal production,
more broiler integrators have started to implement antibiotic-free programs. Important
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human antibiotics as well as non-human antibiotics, including ionophore anticoccidials,
are being phased out of broiler feeds. In current antibiotic-free programs, the prevention
of enteric diseases is the major issue for broiler producing companies, due to a lack of
efficient control of bacteria and coccidia. It has become a priority to develop dietary
antibiotic alternatives in order to maintain intestinal microbial balance while also
improve the growth of broilers.
Coccidiosis is a common and financially devastating enteric disease for broilers
(Williams, 2005). It is caused by the apicomplexan protozoan Eimeria. Among the
various species of Eimeria, E. acervulina, E. maxima, and E. tenella contribute
significantly to coccidiosis infection in chickens (De Gussem, 2007). In the poultry
industry, global economic loss due to coccidiosis is approximately $ 750 million annually
(Shirley et al., 2007). This loss is attributed to clinical treatment cost and subclinical
broiler performance depression (poor feed conversion and slow-growth). Two rotational
methods are used to prevent coccidiosis in the poultry industry: dietary anticoccidials
(ionophore and chemical) and vaccination. Most chemical anticoccidials are considered
less effective than ionophores in controlling coccidiosis due to the rapid build-up of
resistance by coccidia (De Gussem, 2007). Therefore, coccidial vaccination becomes
essential and nessecary for the prevention of coccidiosis in current antibiotic-free
production programs. Broiler chicks are commonly vaccinated on d of hatch with a low
dose of live oocytes of Eimeria species. This early exposure of live oocytes boosts
specific immunity and protects chicks from coccidiosis challenges in the later phases of
growth. Nevertheless, this initial exposure may compromise early BW gain and feed
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conversion efficiency of broiler chicks (Lee et al., 2011). Previous research has shown
that probiotic administration in drinking water has alleviated depressing effects of
coccidial vaccination on the early growth of chicks (Ritzi et al., 2016).
One popular probiotic product, Bacillus subtilis spores, benefits broilers by
competitively excluding pathogenic bacteria such as Salmonella, Clostridium, and E. coli
O78:K80 (La Ragione, et al., 2001 and 2003). Spores of B. subtilis are widely applied in
current poultry feed due to their heat-resistance during feed pelleting and their high
recovery rate in the GI tract (Latorre et al., 2014). By improving the balance of
microbiota in the gut, B. subtilis spores added to broiler feed improve feed conversion
and apparent nutrient retention (Molnar et al., 2011; Sen et al., 2012; Jeong and Kim,
2014). Previous study from our lab, feeding B. sublitis spores alone with beta-glucans and
mannan-oligosaccharides to broilers improved their growth rate and enabled them to
reach their target weights sooner (Wang et al., 2016). Beta-glucans and mannanoligosaccharides served as prebiotics. In an in vitro study, it was shown that beta-glucans
enhanced the growth, viability and colonization of the probiotic organism (Russo et al.,
2012). Furthermore, in another in vivo study, it was shown that feeding beta-glucans and
manna-oligosaccharides to broilers enhanced the adhesion of beneficial bacteria
(Lactobacillus) to the intestinal mucosa (Wang et al., 2016). Manno-oligosaccharides are
also able to lower levels of pathogenic bacteria by offering to them competitive binding
cites (Fernandez et al., 2000; Biggs and Parson, 2007).
Based on these findings, it is hypothesized that the combined use of B. subtilisbased probiotics and prebiotics in the feed may alleviate of the negative effects of
84

Eimeria vaccination on chickens. Therefore, in this study, effects of coccidial vaccination
and dietary antibiotic alternatives on growth, and intestinal integrity of broilers subjected
to an Eimeria challenge were evaluated.
Materials and Methods
Treatments and Bird Management
The institutional Animal Care and Use Committee of Mississippi State University
has approved all bird husbandry and handling methods. A total of 1,120 one-day old Ross
× Ross 708 male broilers were obtained from a commercial hatchery. All birds received
Newcastle and infectious bronchitis vaccines on d of hatch by spray. Half of the birds
(560) were also spray-vaccinated with a commercial coccidiosis vaccine (Hatchpak Cocci
III, Merial Inc., Duluth, GA). The other 560 chicks did not receive the coccidiosis
vaccine. The coccidiosis vaccine contained live oocytes of E. maxima, E. acervulina, and
E. tenella. Broilers were fed 1 of the 5 diets from d 0 to 56. The 5 diets were as followed :
1) a corn and soybean-meal control diet (Con), 2) an antibiotic-supplemented diet (Anti,
Con + 50 g of bacitracin and 40 g of salinomycin sodium/ton of finished feed), 3) a
prebiotic-supplemented diet (Pre, Con + 170 g of mannan oligosaccharides and 250 g of
-glucans/ton of finished feed, ZORIEN Gold, Novus International, Saint Charles, MO),
4) a probiotic-supplemented diet (Pro, Con + 2084, LSSAOl, and 15A-P4 of Bacillus
subtilis; 280,000 CFU/g of finished feed, Enviva Pro 201 GT, Dupont, St. Louis, MO)
and 5) a prebiotic and probiotic combination-supplemented diet (Pre+Pro, products as
described above). An anticoccidial additive (salinomycin) was not included in Anti diet
from d 0 to 14 in order to allow for full efficacy of the coccidiosis vaccination. All
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additives are commercially available. Bacillus subtilis counts in the finished feed were
confirmed in a blind test.
All major ingredients (corn, soybean meal, and meat and bone meal) were
analyzed using near infrared spectroscopy (NIR system, model: XDS-XM-1100 series,
FOSS, Sweden) and a commercial database (Precise Nutrition Evaluation, Adisseo,
Alpharetta, GA) for determination of digestible AA and AME values. These values were
used to formulate the Con diet that met all requirements of male broilers exhibiting
standard performance (Rostagno et al., 2011, Table 4.1). Antibiotics as well as pebiotics
and probiotics were incorporated into the diets with the equivalent amount of sand in the
Con diet.
Eighty floor pens were divided into 8 blocks that were equally spaced in an
environmentally controlled facility. Ten pens, each assigned a particular treatment group
(2 vaccination status × 5 diets), were randomly assigned to each block. Fourteen broiler
chicks were randomly distributed among the 80 floor pens. Each floor pen was equipped
with 3 nipple drinkers, 1 hanging feeder, 3 rubber dividers, and top-dressed with fresh
wood-shavings litter. Chicks had ad libitum access to water and feed. Light programs of
24L:0D and 20L:4D were provided from d 0 to 7 and 8 to 56, respectively. To mimic a
normal coccidiosis exposure in the broiler industry, a 20x dose of a commercial vaccine
(Coccivac-B, Intervet Inc., Omaha, NE) was administered to each broiler by oral gavage
on d 14. The commercial vaccine contained live oocysts of E. acervulina, E. mivati, E.
maxima, and E. tenella. Eimeria challenge was confirmed by intestinal lesion observation
at d 28, 41, and 56.
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Growth Performance and Carcass Yield
Experimental diets were provided to the broilers in accordance with the following
growth phases: starter (d 0 to 14), grower (d 15 to 28), finisher (d 29 to 42), and
withdrawal (d 43 to 56). Mortality, dead bird BW, weights of feed and birds on a pen
basis were recorded and used to calculate bird BW gain (BWG), feed intake, and
mortality corrected feed conversion ratio (FCR) within each growing phase. Three
broilers per pen on d 43 and 4 broilers per pen on d 56 were randomly selected and
weighed individually for processing. Feed and water were withdrawn from the birds for
16 h before processing. Birds were automatically processed, chilled in an ice-water slurry
for 4 h, and manually deboned. Abdominal fat pads and carcasses were weighed at the
time of processing. Wings, drumsticks, thighs, boneless and skinless breasts, and tenders
were weighed at the time of deboning.
Intestine Sampling and Morphology Exam
On d 14, 28, 42, and 56, one bird per pen was randomly selected for sampling of
internal organs. Each broiler was weighed individually, euthanized by CO2 asphyxiation,
and dissected. Lengths of each segment of the small intestine (duodenum, jejunum, and
ileum) were measured as described by Wang et al. (2015). The pH of the contents of
gizzard and ileum were measured using a portable pH meter (Accumet AP110, Thermo
Fisher Scientific, Waltham, MA). Weights of the pancreas, spleen, empty gizzard,
proventriculus, duodenum, jejunum, and ileum were recorded. On d 28, 42, and 56, ileal
digesta were collected, stored on ice, and then centrifuged at 7,200× g for 10 min to
collect the supernatant. Viscosity of the ileal digesta supernatant was read at 20 rpm and
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-II + Pro, Brookfield
Engineering Laboratories, Stoughton, MA). On d 28, intestinal morphology of vaccinated
broilers was examed. A 2.5 cm intestine section from the middle of each intestine
segment (duodenum, jejunum, and ileum) was obtained for histological analysis.
Histological samples were processed as described by Wang et al. (2015). Villus length,
width, crypt depth, muscle thickness, and goblet cell size were measured (Fasina et al.,
2010).
Experimental Design and Data Analysis
A randomized complete block design was applied in this study. A two-way
factorial arrangement of treatments was used to test the main effects of dietary additives
and coccidial vaccination as well as their interaction effects. Each of the 8 blocks in the
housing facility served as a unit of replication. Each pen in each block was randomly
assigned one of the 10 treatments. Main and interaction treatment effects on growth
performance, carcass yield, and gut development were tested by two-way ANOVA
analysis (2 coccidial vaccination treatments × 5 diets). An unrestricted-mixed model in
the PROC GLM procedure (SAS version 9.2, SAS Institute, 2010) was used with
coccidial vaccination, dietary additive, and their interaction as fixed effects and with
block as a random effect. Significant differences among fixed factors were determined in
a hierarchical order. Main effects of coccidial vaccination and dietary additive were
tested only if there was no significant interaction. Results of intestinal morphology were
generated by a one-way ANOVA analysis of the 5 dietary treatments. The PROC GLM
procedure (SAS version 9.2, SAS Institute, 2010) was used to determine the main effect
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of dietary additive with dietary additive as a fixed effect and block as a random effect.

Results
Growth Performance and Carcass Yield
Growth performance was not affected by a coccidial vaccination and dietary
additive treatment interaction (P > 0.05, Table 4.2). Coccidial vaccination on d of hatch
decreased feed intake from d 29 to 42 (P = 0.021) and d 43 to 56 (P = 0.001), and
subsequently decreased overall feed intake from d 0 to 56 (P = 0.002). This coccidial
vaccination also decreased BWG from d 0 to 14 (P = 0.012) and d 29 to 42 (P = 0.021),
and subsequently decreased overall BWG from d 0 to 56 (P = 0.022). In addition, the
coccidial vaccination increased early mortality from d 0 to 14 (P = 0.017) without
affecting later mortalities or overall mortality from d 0 to 56. Broilers fed Anti diets
exhibited the lowest FCR from d 0 to 14 (P = 0.014) and from d 15 to 28 (P = 0.007), and
likewise exhibited the highest feed intake (P = 0.007) and BWG (P = <0.001) from d 15
to 28. Broilers fed Pre+Pro diets as well as those fed Anti diets exhibited a lower overall
FCR from d 0 to 56 than broilers fed Pro diets (P = 0.030).
There were no main or interaction effects of coccidial vaccination and dietary
additive on the absolute (Table 4.3) or relative (Table 4.4) carcass and parts on d 42. The
only exception to this was a coccidial vaccination and dietary additive interaction effect
on absolute abdominal fat pad weight (P = 0.028, Table 4.3). For the vaccinated broilers,
Anti diets increased absolute abdominal fat pad weight in comparison to that of the Con,
89

Pre, and Pre+Pro diets; and Pro diets increased absolute abdominal fat pad weight in
comparison to that of the Con diets. Coccidial vaccination decreased relative breast (P =
0.026) and drumstick weights on d 42 (P = 0.011, Table 4.4). Dietary additive did not
affect any carcass product yields on d 42.
There was a significant interaction between coccidial vaccination and dietary
additive on absolute breast weight on d 56 (P = 0.038, Table 4.5). For non-vaccinated
broilers, the highest absolute breast weights were observed in the Pre+Pro treatment
group; however, dietary additive did not affect absolute breast weight in vaccinated
broilers. Coccidial vaccination decreased the individual BW (P = 0.016, Table 4.5) and
absolute carcass weights (P= 0.002), as well as their relative breast weights (P = 0.003,
Table 4.6) on d 56. Dietary additive also did not affect any carcass product yields on d
56.
Internal Organs
At d 14, there was an interaction effect between coccidial vaccination and dietary
additive on the relative pancreas weight (P = 0.038, Table 4.7). For non-vaccinated
broilers, the Pre diet increased relative pancreas weight in comparison to the Anti diet.
For vaccinated broilers, the Pro diet increased relative pancreas weight in comparison to
the Con and Pre diets. However, the coccidial vaccination decreased relative jejunum
weight (P = 0.034) and ileal pH (P < 0.001). Broilers fed Pro diets exhibited a higher
relative proventriculus weight than those fed Anti, Pre, and Pre+Pro diets (P = 0.009).
The highest relative gizzard weight was observed in broilers fed Pre diets (P = 0.018).
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At d 28, there was no interaction between coccidial vaccination and dietary
additive on any internal organ sizes, or on ileal pH or viscosity (Table 4.8). However,
coccidial vaccination decreased relative gizzard weight (P = 0.002). Broilers fed Anti
diets exhibited the lowest relative duodenum (P = 0.021), jejunum (P = 0.039), and ileum
weights (P = 0.003). Conversely, broilers fed Pre+Pro diets exhibited the highest relative
duodenum and jejunum weights. In addition, broilers fed Pro diets exhibited a longer
ileum than those fed Con, Anti, and Pre+Pro diets (P = 0.046).
On d 42, there was no interaction between coccidial vaccination and dietary
additive on any internal organ sizes or any other measured variables (Table 4.9).
However, coccidial vaccination decreased relative duodenum (P = 0.006) and jejunum
weights (P = 0.044). In addition, broilers fed Anti diets exhibited lower relative
duodenum weights than those fed Con, Pro, and Pre+Pro diets (P = 0.025).
On d 56, there was a significant (P = 0.026) interaction between coccidial
vaccination and dietary additive on gizzard pH (Table 4.10). In broilers that did not
receive coccidial vaccination, the Pro diet decreased their gizzard pH in comparison to
the Con diet; and in broilers that received a coccidial vaccination, the Pre diet decreased
their gizzard pH in comparison to the Con and Pro diets. Nevertheless, coccidial
vaccination increased the length (P = 0.038) and relative weight (P = 0.030) of the
duodenum.
Intestinal Morphology
Dietary additive did not affect duodenum or jejunum morphology in Eimeriachallenged broilers on d 28 (Table 4.11). However, broilers fed Pre+Pro diets exhibited a
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deeper ileal crypt depth than those fed Con and Anti diets (P = 0.041). In addition,
broilers fed Pre and Pro diets exhibited a deeper crypt depth than those fed Anti diets.
Discussion
The prevention of coccidiosis in poultry has relied upon dietary anticoccidials and
vaccination administration programs. The current trend toward the use of antimicrobialfree poultry diets and the increased drug-resistance of Eimeria strains have forced
companies to rely more on vaccination administration for the control of coccidiosis (De
Gussem, 2007). Previous research has indicated that coccidial vaccination (Coccivac-B,
Intervet/Schering Plough Animal Health) may depress the growth of broilers at a young
age (Lee et al., 2011). In this Eimeria challenge study, coccidial vaccination at the d of
hatch resulted in compromised growth performance in broilers (lowered feed intake and
BWG), and subsequently exacerbated the suppressive effects observed in later carcass
yield. On d 14, a clinical-coccidiosis was induced to chicks. The gut hemarrage and a
sudden increase of mortality were observed. By d 14, broiler chicks may not have fully
matured to adequately protect them against a severe Eimeria challenge. Protective
immunity from a vaccination relies on Eimeria oocytes that are recycled through litter,
which may take 2 to 3 life cycles (Long et al., 1986). Eimeria has a complex life cycle,
including intracellular, extracellular, asexual, and sexual stages, which leads to a complex
host immune response (Yun et al., 2000). Parasite-specific antibodies produced by
intestinal B cells, and cytokines produced by intestinal T lymphocytes, are responsible for
a specific immunity to coccidiosis (Lillehoj and Lillehoj, 2000). In addition, this specific
immunity has been found to be strain specific, especially with regard to the E. maxima
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(Fizt-Coy, 1992; Martin et al., 1997). In the current study, the coccidial vaccination
(Hatchpak Cocci III, E. maxima, E. acervulina, and E. tenella) given to chicks on the d of
hatch was different from the one used for the Eimeria challenge (Coccivac B, E.
acervulina, E. mivati, E. maxima, and E. tenella). Then the vaccination failed to provide
the coverage agains the challenge. As a consequence, the Eimeria challenge have further
aggravated the insult imposed by oocyst vaccination and thereby irreversibly depressed
broiler growth.
In addition to slowing down the growth rate of broilers, coccidiosis oocyst
vaccination may also depress the growth of the small intestines of broilers at an early age.
Chapman (2014) summarized that Eimeria spp. infection can result in the malabsorption
of nutrients (E. acervulina and E. mitis), epithelia inflammation (E. maxiam), and villi
destruction (E. tenella). Eimeria sporozoites and merozoites can secrete proteins that will
form a moving junction at the parasite-host cell membrane (Lal et al., 2009; Cowper et
al., 2012). This moving junction allows sporozoites and merozoites to invade host
epithelial cells and to competitively absorb nutrients. The inadequate absorption of
nutrients including L-arginine, threonine (Wils-Plotz et al., 2013) and vitamin E (Allen
and Danforth, 2002) by epithelial cells may ultimately lead to their damage to death. In
this study, mucosa morphology was not significantly affected by coccidial vaccination.
However, vaccinated broilers exhibited a lower relative ileum weight on d 14, and lower
relative and absolute weights (data not shown) of the duodenum and jejunum on d 42.
This would indicate that vaccinated broilers had poor intestinal development. This may
have been caused by the coccidial challenge and may subsequently affect nutrient
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absorption efficiency. The vaccinated broilers did exhibit a lower carcass weight and
breast yield on d 56, which could have been in response to the poor nutrient utilization.
Subtherapeautic doses of bacitracin are used in poultry feed to control chronical
bacterial infections. Salinomycin is one of several monovalent ionophoric anticoccidials
isolated from yeast (Streptomyces albus, Peek and Landman, 2011). It also has been
shown to have antibiotic capabilities by reducing Gram-positive organisms such as
Clostridium perfringens (Engberg et al., 2000) and Salmonella enteritidis (Bolder et al.,
1999). In this study, the combined use of bacitracin and salinomycin in a corn and
soybean-meal basal diet served as a practical control in a conventional feeding program.
Consistent with a similar study conducted by our lab (Wang et al., 2016), this
antimicrobial diet was shown to improve the growth of broilers at an early age. In that
study, the use of bacitracin in combination with other anticoccidials (narasin and
nicarbazin) improved broiler BWG from d 15 to 27 and breast weight on d 42. In the
current study, the combined use of bacitracin and salinomycin improved broiler FCR
from d 0 to 28. In addition, that diet successfully eliminated the negative effects of
Eimeria challenge on mortality. After challenge, no deaths occurred when broilers were
fed the antimicrobial diet from d 15 to 42.
In previous studies, in which no Eimeria challenge was administrated, intestinal
size (lengths and weights) was reduced in broilers fed diets containing bacitracin (Miles
et al., 2006; Wang et al., 2016). Shorter intestinal lengths in fast-growing chickens have
been associated with efficient nutrient absorption (Dibner and Richards, 2005). In the
current study, in which an Eimeria challenge was employed, the inclusion of antibiotics
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in the diet also decreased the relative weight of the small intestine. In addition, the use of
dietary antibiotics reduced the relative weight of the proventriculus of broilers without
affecting their BW before they were challenged. Reducing the size of the proventriculus
may also reflect a more efficient nutrient absorption and utilization by the birds. More
energy may have been saved and partitioned towards growth rather than towards organ
maintenance. The major mechanism behind the growth promoting effects of antibiotics
may be through their inhibition of bacterial growth. When compared to conventional
animals, germ-free animals have thinner intestinal mucosa layers and shallower crypt cell
depths (Thompson and Trexler, 1971). These morphology features in germ-free intestines
are considered to be the result of a lack of immunological stimulus by bacteria
(Thompson and Trexler, 1971). In this study, a shallower ileal crypt depth was observed
in antibiotic-treated broilers, and a shallow crypt depth was associated with slower tissue
turnover. This may be associated with a lower amount of energy required for villus cell
renewal, which allows for more energy being partitioned towards growth.
-glucans

A commercial pro

served as the prebiotic treatment in this study. Furthermore, a commercial Bacillus
subtilis supplement containing 3 different strains (2084, LSSAO1, and 15A-P4) served as
the probiotic treatment. Neither of the 2 treatments improved the growth or carcass yield
of broilers. This is contradictory to other probiotic studies, in which a mixture of different
bacteria species was used (Bozkurt et al., 2014; Ritzi et al., 2016). A mixture of
Enterococcus, Bifidobacterium, Pediococcus and Lactobacillus alleviated the negative
effects of coccidial challenge on growth (Ritzi et al., 2016). In the meanwhile, a mixture
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of L. acidophilus, L. casei, Enterococcus faecium, and B. bifidum improved the BWG of
Eimeria infected broilers (Bozkurt et al., 2014). However, 3 different strains of B.
subtilis, which were included as the probiotic treatment in the current study, failed to
improve the growth of Eimeria-challenged broilers. This suggests that probiotics
containing strain mixtures that are given to broilers may be less effective in the defense
against Eimeria challenges in comparison to probiotics containing genus mixtures. In
addition, the failure to improve the growth of broilers fed prebiotic or probiotic diets may
also be a result of the severity of challenge. In this study, specific coccidiosis lesions,
intestinal hemorrhaging, necrotic lesions, and high mortality (10%) have been observed
in broilers after an Eimeria challenge. To control this heavy coccidiosis, the inclusion of
probiotics or prebiotics as feed additives alone is not enough. Good environmental
control and farm management practices are essential in the prevention of coccidiosis
when antibiotic-free programs are employed.
Even though the prebiotic and B. subtilis-based probiotics treatments applied in
this study did not improve the growth or meat yield of broilers, both of them promoted
the growth of the digestive organs of the broilers. On d 14, broilers fed diets containing
prebiotics (mannan

-glucans) exhibited the highest relative and

absolute gizzard weights (data not shown). Another mannan oligosaccharides prebiotic
product (TechnoMos, Biochem, German) increased the gizzard size of broilers when they
were not subjected to a coccidiosis challenge (Sojoudi et al., 2012). Prebiotics are
considered non-digestible fiber in the diets of broiler chickens. Further studies need to be
conducted to better understand how prebiotics promote gizzard growth. In addition,
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broilers fed diets containing B. subtilis-based probiotics exhibited the highest
proventriculus and spleen relative weights on d 14. Up to 90% of B. subtilis spores can
germinate into active vegetable cells in the crop (Latorre et al., 2014). The mechanism by
which active B. subtilis cells stimulate growth of the proventriculus is not clear.
However, it is suggested that it may be related to the enrichment of acid bacteria, such as
Lactobacillus spp., which can stimulate growth of proventriculus (Jeong and Kim, 2014).
In addition, the inclusion of B. subtilis cells enhances innative immunity in the the
proventriculus of broilers (Monammed et al., 2015), which may indirectly promote their
growth.
These data demonstrate that the growth performance of broilers can be benefited
by the synergistic activities of B. subtilis, mannan-

-glucans in the

feed. The Pre+Pro diets helped the broilers to reach a lower overall FCR than did the Pro
diets, and helped the broilers reach a FCR similar to that by the Anti diets. In addition,
Pre+Pro diets facilitated non-vaccinated broilers in achieveing the highest breast yield. In
the previous study by Wang et al., (2016), broilers fed Pre+Pro combined diets exhibited
compensatory growth from d 28 to 41. Mannan-oligosaccharides are reported to lower
pathogenic bacterial growth (White et al., 2002), which may expose more sites for
Lactobacillus to bind to the mucosal layer (Wang et al., 2016). Using mannanoligosaccharides may also help the growth of B. subtilis by lowering the numbers of
competitive bacteria. Beta-glucans are also reported to improve the innative immune
function of broilers (Chae et al., 2006), which may subsequently facilitate the ability of B.
subtilis to defend against pathogenic bacteria. Therefore, prebiotics were able to support
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the probiotic bacteria to improve the performance of host animals. Contrary to what was
observed by using the Anti treatment, which lowered the ileal crypt depth, the Pre+Pro
treatment increased ileal crypt depth. The inclusion of subtherapeutic doses of antibiotics
in the feed promotes broiler growth by conserving their energy. This is primarily a result
of reduced bacterial competition and intestinal tract maintenance. However, prebiotics
and probiotics may benefit broilers by balancing the gut microbiota (lower pathogenic
bacteria levels and higher beneficial bacteria levels) and by improving intestinal growth.
In this study, dietary antimicrobials were shown to improve the growth and feed
efficiency of broilers at an early age. The combined use of prebiotic and B. sublitis-based
probiotic additives also facilitated the ability of broilers to reach an FCR that was similar
to those in the antibiotics treatment group. Therefore, those additives can be
recommended as alternatives for antibiotics. However, the benefits of antibiotics and
alternatives (prebiotics and probiotics) on the development of the gastrointestinal tract are
different. Antibiotics may have limited the growth of digestive tract and may have
conserved energy for growth that might have been otherwise allocated to maintenance.
The benefits of antibiotic additives on the growth of broilers were observed at a young
age. However, prebiotics and B. sublitis-probiotics may increase the growth of various
digestive organs, including the small intestine, with the subsequent enhancement of
nutrient utilization and promotion of growth.
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Table 4.1 Feed ingredient composition and calculated nutrient contents of basal diets
Items
Ingredient1, %
Corn
Soybean meal
Meat and bone meal
Poultry fat
Salt
Calcium carbonate
Dicalcium phosphate
DL-Methionine
L-Lysine hydrochloride
L-Threonine
Premix2
Phytase3
Xylanase4
Choline chloride
Sand5
Nutrient content6
ME (Kcal/kg)
CP, %
Ca, %
Available P, %
Na, %
Digestible methionine, %
Digestible TSAA, %
Digestible lysine, %
Digestible threonine, %

D 0 to 14

D 15 to 28

58.70
34.55
1.79
0.50
0.57
0.55
1.88
0.37
0.36
0.16
0.25
0.02
0.01
0.10
0.20
2,955
22.20
0.92
0.47
0.22
0.66
0.96
1.31
0.86

D 29 to 42
62.79
31.47
1.22
0.50
0.56
0.64
1.58
0.29
0.26
0.11
0.25
0.02
0.01
0.11
0.20

71.33
22.50
3.09
0.50
0.51
0.13
0.75
0.23
0.31
0.10
0.25
0.02
0.01
0.07
0.20

74.37
19.95
2.77
0.50
0.51
0.22
0.59
0.19
0.28
0.08
0.25
0.02
0.01
0.06
0.20

20.80
0.82
0.39
0.22
0.57
0.87
1.17
0.77

3,153
18.00
0.64
0.30
0.20
0.48
0.74
1.01
0.66

3,208
17.30
0.60
0.26
0.20
0.43
0.68
0.94
0.61

3,010

1

D 43 to 57

Nutrient contents of corn, soybean meal, and meat and bone meal were analyzed by
near-infrared spectroscopy.
2
Premix provided the following ingredients per kilogram of finished feed: 2.654 g
retinylacetate, 110 g cholecalciferol, 9.9mg DL- -tocopherol acetate, 0.9mg menadione,
0.01mg vitamin B12, 0.6 g folic acid, 379mg choline, 8.8mg D-pantothenic acid, 5.0 mg
riboflavin, 33mg niacin, 1.0 mg thiamine, 0.1 mg D-biotin, 0.9 mg pyridoxine, 28 mg
ethoxyquin, 55 mg manganese, 50 mg zinc, 28 mg iron, 4 mg copper, 0.5 mg iodine, and
0.1 mg selenium.
3
The phytase product contained 10,000 FTY/g phytase. One unit (FYT) of the phytase
can liberate 1 mM of inorganic phosphate per min from sodium phytate at pH 5.5 and
37oC.
4
The Xylanase product contained 160,000 BXU/g xylanase. One unit (BXU) of the
xylanase can liberate 0.06 mM of reducing sugars from birch xylan per min at pH 5.3 and
50oC.
5
Experimental feed additives [commercial prebiotics (170 g of mannan oligosaccharides
and 250 g of -glucans/ton of finished feed), probiotics (300,000 CFU of Bacillus
subtilis/g of finished feed, Bacillus product consisted of 3 strains, 2084, LSSAOl, and
15A-P4 at equal amounts), or antibiotics (50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed)] replaced the equivalent amount of sand in diet.
6
Nutrient contents were calculated on a dry matter basis.
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Table 4.3 Effects of coccidial vaccination and dietary additive on absolute weights of
carcass and parts of male broilers at 42 d of age (g).

Coccidial
Diet2
vaccination 1

Individual
Carcass
BW

Fat

Wing

Breast

Drumstick

Thig
h

Tende
r

None
Vaccinated
SEM

3,209
3,227
21.2
3,198
3,217
3,203
3,235
3,238
33.0
3,188
3,159
3,239
3,221
3,213
3,208
3,276
3,168
3,249
3,264
47.7

2,270
2,268
15.9
2,226
2,280
2,275
2,290
2,275
25.2
2,233
2,251
2,306
2,286
2,268
2,219
2,309
2,244
2,294
2,282
36.0

34.49
33.93
0.956
32.43
36.39
34.65
35.09
32.49
1.525
35.41a
b
33.25b
34.29b
35.41a
b
33.25b
29.24c
40.26a
33.01b
34.77a
b
31.74b
2.156

246
245
1.8
244
247
244
248
244
2.8
244
243
245
247
247
244
251
242
250
242
3.9

635
622
6.9
612
630
630
629
641
11.0
625
624
647
620
642
600
635
613
637
640
15.3

281
284
2.3
282
284
282
286
279
3.7
281
279
285
286
277
284
289
280
285
282
5.0

385
384
3.9
378
383
383
388
389
6.2
382
379
389
393
389
374
387
377
384
389
8.7

129
126
1.7
128
127
127
127
129
2.7
131
127
128
126
131
125
128
126
128
127
3.7

0.546
0.879
0.325

0.918
0.419

0.909
0.288
0.028

Con
Anti
Pre
Pro
Pre+Pro
SEM
Con
Anti
Pre
Pro
Pre+Pro
Con
Anti
Pre
Pro
Pre+Pro

None
None
None
None
None
Vaccinated
Vaccinated
Vaccinated
Vaccinated
Vaccinated
SEM
P-value
Coccidial vaccination
Diet
Vaccination × Diet

0.554

a-c

0.855
0.726

0.174
0.477

0.316
0.677

0.880
0.712

0.280
0.983

0.471

0.591

0.727

0.677

0.921

Means in a column not sharing a common superscript ar
0.05).1Coccidial vaccination is given to one-day old chicks by spraying a commercial
vaccine containing live oocytes of Eimeria maxima, Eimeria acervulina, and Eimeria
tenella.
2
Experiment diets included Con (control, corn and soybean-meal basal diet), Anti
(antibiotics, basal diet supplemented with 50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed), Pre (prebiotics, basal diet supplemented with 170 g of
-glucans/ton of finished feed), Pro (probiotics,
basal diet supplemented with 3 Bacillus subtilis strains of 2084, LSSAOl, and 15A-P4 at
equal amounts, 300,000 CFU/g of finished feed) and Pre+Pro (basal diet supplemented
with both prebiotic and probiotics products above).
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Table 4.4 Effects of dietary additives and coccidial vaccination on relative weights of
carcass and parts of male broilers at 42 d of age (%)
Coccidial
2
vaccination Diet

1

None
Vaccinate
SEM

Con
Anti
Pre
Pro
Pre+Pro
SEM
Con
Anti
Pre
Pro
Pre+Pro
Con
Anti
Pre
Pro
Pre+Pro

None
None
None
None
None
Vaccinate
Vaccinate
Vaccinate
Vaccinate
Vaccinate
SEM
P-value
Coccidial vaccination
Diet
Vaccination × Diet

Carcass/
BW
70.50
70.20
0.165
69.86
70.70
70.37
70.57
70.27
0.265
70.02
70.70
70.58
70.63
70.59
69.71
70.70
70.15
70.50
69.95
0.362
0.202
0.200
0.918

Wing/
Carcass
10.81
10.81
0.058
10.94
10.84
10.75
10.82
10.70
0.095
10.93
10.90
10.65
10.77
10.80
10.95
10.79
10.65
10.87
10.61
0.127

Breast/
Carcass
27.84a
27.20b
0.184
27.36
27.67
27.42
27.37
27.78
0.287
27.68
28.12
27.99
27.65
27.75
27.03
27.22
26.85
27.08
27.81
0.409

0.969
0.404
0.554

0.026
0.780
0.663

Drumstick
/
C
12.37a

Thigh/
Carcass
16.89
17.04
0.141
16.96
17.00
16.81
16.95
17.10
0.229
17.08
16.86
16.65
16.70
17.18
16.85
17.15
16.98
17.19
17.02
0.310

5.67
5.55
0.059
5.76
5.47
5.59
5.63
5.62
0.096
5.87
5.62
5.54
5.63
5.70
5.65
5.32
5.64
5.62
5.54
0.126

0.011
0.167
0.959

0.472
0.925
0.730

0.168
0.344
0.544

12.64b
0.075
12.70
12.48
12.54
12.50
12.28
0.116
12.58
12.29
12.36
12.39
12.20
12.83
12.66
12.73
12.62
12.36
0.163

Tender
/Carcas

a-b
1

Coccidial vaccination is given to one-day old chicks by spraying a commercial vaccine
containing live oocytes of Eimeria maxima, Eimeria acervulina, and Eimeria tenella.
2
Experiment diets included Con (control, corn and soybean-meal basal diet), Anti
(antibiotics, basal diet supplemented with 50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed), Pre (prebiotics, basal diet supplemented with 170 g of
-glucans/ton of finished feed), Pro (probiotics,
mannan oligo
basal diet supplemented with 3 Bacillus subtilis strains of 2084, LSSAOl, and 15A-P4 at
equal amounts, 300,000 CFU/g of finished feed) and Pre+Pro (basal diet supplemented
with both prebiotic and probiotics products above).
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Table 4.6 Effects of coccidial vaccination and dietary additive on relative weights of
carcass and parts of male broilers at 56 d of age (%)
Coccidial
Diet2
vaccination1
None
Vaccinated
SEM
Con
Anti
Pre
Pro
Pre+Pr
SEM
None
Con
None
Anti
None
Pre
None
Pro
Pre+Pr
None
Vaccinated Con
Vaccinated Anti
Vaccinated Pre
Vaccinated Pro
Vaccinated Pre+Pr
SEM
P-value
Coccidial vaccination
Diet
Vaccination × Diet

Carcass/
BW
72.96
72.74
0.154
72.56
73.29
72.77
72.93
72.70
0.252
73.11
73.08
72.90
72.66
73.03
72.02
73.49
73.63
73.19
72.37
0.332

Wing/
Carcass
10.20
10.34
0.053
10.27
10.48
10.28
10.15
10.19
0.086
10.13
10.49
10.31
10.08
10.01
10.41
10.47
10.24
10.23
10.38
0.117

Breast/
Carcass
29.71a
28.98b
0.173
29.62
29.26
29.22
28.93
29.71
0.279
30.18
29.50
29.54
27.65
30.51
29.07
29.03
28.90
29.00
28.91
0.368

0.321
0.295
0.090

0.068
0.082
0.286

0.003
0.230
0.213

Drumstick
/
C
12.33
12.43
0.109
12.62
12.36
12.40
12.42
12.13
0.177
12.68
12.28
12.52
12.32
11.87
12.56
12.45
12.28
12.52
12.38
0.233
0.499
0.386
0.562

Tender
/Carcas

Thigh/
Carcass
16.30
16.36
0.111
16.34
16.35
16.25
16.45
16.26
0.173
16.22
16.34
16.15
16.60
16.18
16.47
16.35
16.36
16.29
16.35
0.237

5.67
5.64
0.063
5.59
5.47
5.62
5.79
5.80
0.096
5.64
5.58
5.58
5.76
5.79
5.53
5.36
5.67
5.81
5.81
0.137

0.684
0.935
0.781

0.699
0.115
0.797

a-b
1

Coccidial vaccination is given to one-day old chicks by spraying a commercial vaccine
containing live oocytes of Eimeria maxima, Eimeria acervulina, and Eimeria tenella.
2
Experiment diets included Con (control, corn and soybean-meal basal diet), Anti
(antibiotics, basal diet supplemented with 50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed), Pre (prebiotics, basal diet supplemented with 170 g of
-glucans/ton of finished feed), Pro (probiotics,
basal diet supplemented with 3 Bacillus subtilis strains of 2084, LSSAOl, and 15A-P4 at
equal amounts, 300,000 CFU/g of finished feed) and Pre+Pro (basal diet supplemented
with both prebiotic and probiotics products above).
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Table 4.11 Effects of dietary additive on intestinal morphology of vaccinated broilers at
28 d of age1

Diet2
Con
Anti
Pre
Pro
Pre+Pro
SEM
P-value
Diet
Con
Anti
Pre
Pro
Pre+Pro
SEM
P-value
Diet
Con
Anti
Pre
Pro
Pre+Pro
SEM
P-value

Villus
length (mm)
3.328
3.242
3.439
3.132
2.902
0.2479
0.695

Villus width
(mm)
0.344
0.322
0.306
0.298
0.341
0.0290
0.764

Villus length
(mm)
3.277
2.960
2.890
2.902
2.876
0.2185
0.729

Villus width
(mm)
0.276
0.306
0.296
0.299
0.333
0.0298
0.699

Villus length
(mm)
1.740
1.576
1.903
1.968
1.510
0.1593
0.225

Villus width
(mm)
0.277
0.301
0.295
0.271
0.372
0.0292
0.288

Duodenum
Crypt depth
(mm)
0.341
0.346
0.351
0.340
0.439
0.0404
0.711
Jejunum
Crypt depth
(mm)
0.371
0.304
0.348
0.375
0.474
0.0363
0.102
Ileum
Crypt depth
(mm)
0.252bc
0.225c
0.324ab
0.321ab
0.346a
0.0290
0.041

Muscle thickness
(mm)
0.242
0.256
0.214
0.244
0.231
0.0229
0.763

Goblet cell
size (µm2)
107.6
106.6
93.9
110.8
106.3
13.21
0.883

Muscle thickness
(mm)
0.243
0.247
0.206
0.236
0.254
0.0325
0.869

Goblet cell
size (µm2)
121.0
112.7
131.4
85.8
107.5
15.26
0.276

Muscle thickness
(mm)
0.212
0.166
0.216
0.234
0.170
0.0197
0.058

Goblet cell
size (µm2)
94.53
84.9
141.6
86.3
86.5
23.66
0.339

a-c
1

Intestine samples were taken from vaccinated birds (8 replications/diet treatment, n =
40).
2
Experiment diets included Con (control, corn and soybean-meal basal diet), Anti
(antibiotics, basal diet supplemented with 50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed), Pre (prebiotics, basal diet supplemented with 170 g of
-glucans/ton of finished feed), Pro (probiotics,
basal diet supplemented with 3 Bacillus subtilis strains of 2084, LSSAOl, and 15A-P4 at
equal amounts, 300,000 CFU/g of finished feed) and Pre+Pro (basal diet supplemented
with both prebiotic and probiotics products above.
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EFFECTS OF BACILLUS SUBTILIS AND COCCIDIAL VACCINATION ON
CECAL MICROBIAL DIVERSITY AND COMPOSITION OF EIMERIACHALLENGED MALE BROILERS
Abstract
In a companion study, effects of dietary antibiotic alternative and coccidial
vaccination on the growth performance of male broilers have been reported. In this paper,
effects of dietary probiotics and coccidial vaccination on diversity and composition of
cecal microbiota were investigated by a 3 (diets) × 2 (vaccinated or non-vaccinated)
factorial setting of treatments. Three diets, including a corn and soybean-meal control
diet, an antibiotic diet (a control diet supplemented with bacitracin and salinomycin), and
a probiotic diet (a control diet supplemented with Bacillus subtilis) were provided to
broiler chicken from d 0 to 42. To simulate an Eimiera challenge in the field, all chicks
were gavaged with a 20x dose of commercial coccidial vaccine containing live Eimeria
oocysts at d 14. Cecal contents were collected at d 42. High-throughput sequencing of the
16S rRNA gene was used to determine microbial diversity and composition. Coccidial
vaccination to broilers reduced bacterial diversity (Shannon index) of the cecal
microbiota. There was a significant interaction between dietary additive and coccidial
vaccination on the observed bacterial species number. Diets supplemented with Bacillus
subtilis increased bacterial species of non-vaccinated broilers but decreased bacterial
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species of vaccinated broilers. In contrast, diets supplemented with antibiotics reduced
bacterial species of broilers from both groups. In addition, interactions between dietary
additive and coccidial vaccination were observed on microbial composition. Vaccinated
broilers fed B. subtilis diet exhibited the lowest Firmicutes percentage and highest
Bacteroidetes percentage with the microbial community. In addition, vaccinated broilers
fed B. subtilis diet exhibited the highest Rikenella microfusus percentage. From this
study, the coccidial vaccination at d of hatch reduced the microbial diversity of broilers at
a later age. Inclusion of Bacillus subtilis-probiotics in the feed of vaccinated broilers may
reduce microbial diversity in cecal content by increasing the proportion of a predominant
bacterial species, Rikenella microfusus, in the microbial community.
Key words: Bacillus subtilis, broiler, coccidial vaccination, microbial composition,
microbial diversity
Introduction
In
-

ell as

ionophoric anticoccidials have been withdrawn from the feed due to their antibiotic
attributes. Potential alternatives including probiotics, prebiotics, essential oils, enzyme
supplements, phytobiotics and antimicrobial peptides have been studied to explore their
benefits towards maintaining gut health and improving nutrients utilization of farm
animals. Among those candidates, probiotics have been found to improve the growth of
broilers by inhibiting pathogenic bacteria, enhancing adherence of beneficial bacteria to
the gastrointestinal (GI) tract, and improving GI integrity as well as innate immunity
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(Lee et al., 2010; Sharifi et al., 2012; Salim et al., 2013; Bozkurt et al., 2014; Wang et al.,
2016). In our previous study, the use of Bacillus subtilis-based probiotics facilitated
growth rate of broilers at a later age (Wang et al., 2016; Wang et al., 2017).
A commensal microbiota in the GI tract of chickens plays an important role in
local immunity, nutrient utilization, and prevention of pathogen colonization by
competitive exclusion (Crhanova et al., 2011). Fermentative bacteria can use nondigestible fibers to release lactic acid and short chain fatty acids, which provide extra
energy to the host animals. However, bacteria associated with the GI tract compete
against the host animals for energy and nutrients to ensure their own maintenance.
Dietary regimen can be used to manipulate the intestinal microbial diversity and
composition. Antibiotics are used in animal feed to promote animal growth by inhibiting
the growth of bacteria, which may result in more energy being partitioned from the
microbes and towards the host. Probiotics may promote animal growth by increasing the
concentration of beneficial microbes in the GI tract while excluding exogenous
pathogens. By doing this, the energy normally used by the host to stimulate the immune
system would be saved. Extensive culturing studies have shown that supplementation of
B. subtilis to chicken feed modifies the microbial community of the broiler GI tract. The
inclusion of B. subtilis was reported to decrease sheddings of pathogenic bacteria, such as
Salmonella Enteritidis, Clostridium perfringens, and Escherichia coli O78:K80 (La
Ragione et al., 2001; La Ragione and Woodward, 2003; Jayaraman et al., 2013; Park and
Kim, 2014), and improve the growth of local beneficial bacteria, such as Lactobacillus
(Jeong and Kim, 2014). Introducing pathogens also impacts the intestinal ecosystem of
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host animals. A Salmonella Enteritidis infection in young layers has been found to reduce
the overall diversity of the cecal microbiota while increasing the concentration of
Enterobacteriaceae family (Mon et al., 2015). An Eimeria challenge depressed growth
performance, changed composition of broilers, and reduced cecal microbial diversity
(Perez et al., 2011; Wu et al., 2013). Furthermore, Oviedo-Rondon et al. (2006) reported
that a coccidial vaccine, which contains a low dose of live Eimeria oocysts, also changed
the microbial composition of broilers. Therefore, both dietary additive and coccidial
vaccination may impose effects on microbial diversity and composition within the broiler
GI tract.
The purpose of this study was to determine the effects of dietary additive,
coccidial vaccination, and their interactions on the cecal microbial diversity and
composition of broiler chickens. Using techniques such as bacterium culturing and
counting only allow for a few specific species of bacteria to be studied, while excluding
others that make up the microbial community. Recently, culture-free molecular methods,
such as bacterial DNA abundancy and diversity, are used to investigate how the intestinal
bacteria respond to dietary treatments. Bacterial specific DNA (16S ribosomal RNA
gene) of the whole microbial community can be examined by denaturing gradient gel
electrophoresis (Oviedo-Rondon et al., 2006; Perez et al., 2011), pyrosequencing (Wu et
al., 2013), or through a high-throughput sequencing technique (Mon et al., 2015). Highthroughput sequencing with the Illumina Miseq platform allows for the examination of
the microbial community on a large-scale, up to 20 million DNA reads (20 million
individual bacterium). Previous culture studies indicated that the full microbial
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community is established in the ceca at approximately 6-7 weeks of age (Coloe et al.,
1984). In the current study, cecal microbes of broilers were collected on d 42 and
analyzed by 16S rRNA sequencing using Illumina Miseq to allow for a better coverage of
the whole microbiota.
Materials and Methods
Treatment Outline
In a companion study, effects of dietary additives (control, prebiotics, probiotics,
symbiotics, and antibiotics) and coccidiosis challenge (vaccinated or not) on growth
performance of commercial male broilers were reported (Wang et al., 2017). To further
study their effects on cecal microbial diversity and composition of broilers, a 3 (control,
probiotics, and antibiotics diets) × 2 (coccidial-vaccinated or not vaccinated) two-way set
of treatments was analyzed. Briefly, half of the Ross × Ross 708 male broilers were
vaccinated by spraying Hatchpak Cocci III (Merial inc., Duluth, GA) at d of hatch,
whereas the other half were not. This coccidial vaccine contained un-attenuated live
oocytes (Eimeria maxima, E. acervulina, and E. tenella). From d 0 to 42, broilers
received one of the three diets: 1) a corn and soybean-meal control diet (Con), 2) an
antibiotic diet (Anti, a control diet supplemented with 50 g of bacitracin and 40 g of
salinomycin sodium/ton of finished feed), and 3) a probiotic diet (Pro, a control diet
supplemented with 3 Bacillus subtilis strains of 2084, LSSAOl, and 15A-P4 at equal
amounts, 280,000 CFU/g of finished feed). Salinomycin was not included in Anti
treatment diet for the first 2 weeks to ensure the efficiency of coccidial vaccination. Six
blocks in an environmental controlled house served as 6 replications.
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Bird management, experimental facilities, feed formulations were described in the
companion study (Wang et al., 2017). To simulate an Eimeria challenge in a commercial
broiler facility, each broiler chicks received a 20x dose Coccivac-B vaccine by oralgavage (Intervet Inc., Omaha, NE) on d 14. This commercial vaccine contained unattenuated live oocysts (E. acervulina, E. mivatti, E. maxima, and E. tenella). Intestinal
lesions were checked at d 28 and 42. All handlings and procedures involving broilers
were approved by the Institutional Animal Care and Use Committee of Mississippi State
University.
Genomic DNA Extraction
On d 42, cecal content was collected from an average sized broiler from each pen
(six replication birds/treatment, total N = 36). Cecal content was squeezed and
-

homogenized in a 2 ml cryo-vial, snap frozen in liquid nitrogen (ng QIAamp Fast DNA
protocol was
followed. Briefly, 260 mg of frozen content from each sample was weighed and
. Nucleic

homogenized in the commercial lysis

acids (DNA and RNA) were released by the commercial lysis buffer, protected by
nuclease inhibitor, and purified by centrifuging. Then 80 µl of 10 mg/ml ribonuclease-A

and incubated at room temperature for 15 min to remove RNA contamination. Genomic
DNA was collected by the commercial column after washing and dissolving. By this
method, genomic DNA including chicken DNA from tissue shedding and bacterial DNA
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was obtained. The quantity and quality of genomic DNA was measured using a NanoDrop-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The purity of
genomic DNA was confirmed using a 0.8 % agarose electrophoresis gel.
Library Construction
A bacterial DNA library was constructed following the instruction of a 16S
metagenomic sequencing library preparation protocol (Illumina, Inc., San Diego, CA).
Briefly, a PCR reaction was performed to amplify bacterial specific genes, V3-V4
regions of bacterial 16S rRNA (55
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA
TCC. The primer comprised of a V3-V4 16S rRNA specific sequence (Klindworth et al.,
2013) and an overhang sequence for later index attachment. The expected size of the
PCR product (550 bp) was determined using a 1 % agarose electrophoresis gel and
purified by the QIAquick Gel Extraction Kit (Qiagen, Germantown, MD).
Another PCR reaction was performed to label bacterial DNA products with
identified DNA index (Nextera XT Index, Illumina, Inc., San Diego, CA). The DNA
index included an identified sequence and the overhang sequence, which could attach to
bacterial DNA products. Bacterial genomic DNA from one individual broiler was labeled
by the identified DNA index. By distinguishing DNA index in the final sequence data,
broiler information were able to retrieved. Final PCR products were purified by using
AMPure XP beads (Beckman Coulter, Inc., Brea, CA) as the Illumina MiSeq procedure
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described. Sizes of the final PCR products were determined by a Bioanalyzer DNA 1000
chip (660 bp, 2100 Bioanalyzer Desktop System, Agilent Technologies, Inc., Santa Clara,
CA). Then 36 PCR products were pooled, loaded onto the reagent cartridge, and read by
Illumina MiSeq Sequencing System (Illumina, Inc., San Diego, CA).
Microbial Composition and Diversity
The Illumina Miseq (Illumina, Inc., San Diego, CA) generated microbial DNA
sequences for each broiler. Sequence data was uploaded to the Illumina BaseSpace for
16S metagenomics analysis. The Greengenes database (http://greengenes.lbl.gov/) was
used to generate taxonomic classification of bacterial targeted amplicons. At levels of
phylum, class, order, family, genus, and species, categories of bacteria and DNA reads
under each category were generated. One DNA read was considered as one unit of
bacterium in microbiota. Then DNA reads under each category divided by the total DNA
reads was considered as the category bacterial composition fo a microbial community (as
At

shown as the percentage): B

each taxonomic level, the bacterium was considered as predominant when it accounted
for up to 1 percent of the microbial community. All non-predominant bacteria (<1%)
were classified as others. Treatment effects on the composition of predominant bacteria
and others were analyzed. To study the alpha-diversity of the bacteria
(D) and Shannon Index (H) of bacterial species were generated from the equations below:

otal number of organisms of a particular species,
and N: the total number of organisms of all species.
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H
H:

proportion of the ith species in community.

Data Analysis
A randomized complete block design was used in this study. To determine the
effects of dietary additive and coccidial vaccination on microbial diversity and
composition, a two-way ANOVA analysis (2 coccidial vaccination statuses × 3 diets) was
ran. There were 6 replications per treatment (6 blocks, total n = 36). A unrestricted-mixed
model in a PROC GLM procedure (SAS version 9.2, SAS Institute 2010) was used to
determine the fixed effects of dietary additive, coccidial vaccination, and their interaction
and the random effect of block. Major effects of dietary additive and coccidial

significant difference test was ran to distinguish the means of the fixed factor, which
significantly affected dependent variables. Means were considered significantly different
when P was equal or less than 0.05.
Results
A total of 15,531,571 valid DNA sequences were detected by the Illumina Miseq
platform (Table 5.1). Among them, 14,663,143 DNA reads (94.41%) were classified into
bacterial phyla; 13,909,613 DNA reads (89.56%) were classified into bacterial classes;
13,462,236 DNA reads (86.68%) were classified into bacterial orders; 12,444,270 DNA
reads (80.12%) were classified into bacterial families; 11,981,457 DNA reads (77.14%)
were classified into bacterial genera; and 6,499,719 DNA reads (41.85%) were classified
into bacterial species.
124

Microbial Diversity
There was a significant interaction between dietary additive and coccidial
vaccination on the detected bacterial species number (P < 0.001, Table 5.2) and Simpson
index of species (P < 0.001). When broilers did not receive the coccidial vaccination, the
most bacterial species were observed in broilers fed Pro diets whereas the fewest
bacterial species were observed in broilers fed Anti diets. However, when broilers
received the coccidial vaccination, the fewest bacterial species were observed in broilers
fed Pro diet whereas the most abundant bacterial species were observed in broilers fed
Con diets. The Anti diet treatment lowered the Simpson bacterial diversity in nonvaccinated broilers; however, the Pro diet treatment lowered the Simpson bacterial
diversity in vaccinated broilers. Dietary additive did not affect the Shannon species
diversity. However, coccidial vaccination did lower the Shannon species diversity (P =
0.049).
Microbial Composition
The predominant phyla of the cecal microbiota of broilers across all treatments
were Firmicutes (50%, average of 36 birds), Bacteroidetes (43%), and Proteobacteria
(4.5%). For coccidial-vaccinated broilers, the Pro diet treatment decreased the Firmicutes
percentage and increased the Bacteroidetes percentage as compared to the Con and Anti
diet treatments (P < 0.001 and P < 0.001, respectively, Table 5.3).
The predominant classes of the cecal microbiota of broilers across all treatments
were Clostridia (42%, average of 36 birds), Bacteroidia (28%), Flavobacteriia (7.5%),
Bacilli (2.2%), Sphingobacteriia (4.8%), and Gammaproteobacteria (1.8%). For
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coccidial-vaccinated broilers, the Pro diet treatment decreased the Clostridia percentage
and increased percentages of Bacteroidia and Sphingobacteriia as compared to the Con
and Anti diet treatments (P < 0.001, < 0.001, and = 0.05, respectively, Table 5.4). In
addition, the Pro diet treatment decreased the Gammaproteobacteria percentage in
vaccinated broilers as compared to the Anti diet treatment (P = 0.014).
The predominant orders of the cecal microbiota of broilers across all treatments
were Clostridiales (39%, average of 36 birds), Bacteroidales (27%), Flavobacteriales
(7.0%), Sphingobacteriales (4.8%), and Lactobacillalers (4.5%). For coccidialvaccinated broilers, the Pro diet treatment decreased Clostridiales percentage and
increased the Bacteroidales percentage as compared to the Con and Anti diet treatments
(P =0.003 and 0.001, respectively, Table 5.5).
The predominant families of the cecal microbiota of broilers across all treatments
were Ruminococcaceae (16%, average of 36 birds), Clostridiaceae (12%), Rikenellaceae
(11%), Bacteroidaceae (10%), Lachnospiraceae (7.2%), Flavobacteriaceae (7.5%),
Sphingobacteriaceae (4.3), Lactobacillaceae (4.11%), and Odoribacteraceae (1.3%). For
coccidial-vaccinated broilers, the Pro diet treatment increased the Rikenellaceae
percentage and lowered percentages of Ruminococcaceae, Clostridiaceae, and
Lachnospiraceae (P = 0.004, 0.006, <0.001, and 0.001, respectively, Table 5.6).
The predominant genera of the cecal microbiota of broilers across all treatments
were Rikenella (11%, average of 36 birds), Bacteroides (11%), Flavobacterium(6.7%),
Faecalibacterium (6.2%), Blautia (5.3%), Oscillospira (5.3%), Alkaliphilus (4.3%),
Clostridium (3.9%), Lactobacillus (3.7%), Ruminococcus (3.7%), and Pedobacter
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(3.0%). For coccidial-vaccinated broilers, the Pro diet treatment increased percentages of
Rikenella and Pedobacter, and decreased percentages of Faecalibacterium, Blautia,
Alkaliphilus, Clostridium, and Ruminococcus (P = 0.004, 0.029, 0.044, 0.001, 0.006,
0.001, and 0.002, respectively) as compared to the other two diet treatments. For nonvaccinated broilers, the Pro diet treatment increased the Blautia percentage as compared
to the Anti diet treatment (P = 0.001, Table 5.7).
The predominant species of the cecal microbiota of broilers across all treatments
were Rikenella microfusus (11%, average of 36 birds), Alkaliohilus cortonatoxidans
(4.0%), Bacteroides dorei (4.6%), Bacteroides denticanum (1.6%), Anaerofilum
pentosovorans (1.1%), Oscillospira eae (1.4%), Lactobacillus ultunensis (1.5%), Blautia
coccoides (1.1%), and Bacteroides xylanisolvens (1%). For coccidial-vaccinated broilers,
the Pro diet treatment increased the percentage of Rikenella microfusus and Bacteroides
denticanum and lowered the Blautia coccaides percentage (P = 0.003, 0.017, and 0.005,
respectively, Table 5.8). As compared to the Anti diet treatment, the Pro diet treatment
increased the Alkaliphilus crotonatoxidans percentage in the cecal microbiota of
vaccinated broilers (P = 0.015). Both Anti and Pro diet treatments increased the
Bacteroides xylanisolvens percentage in the cecal microbiota of vaccinated broilers as
compared to the Con diet treatment (P = 0.046).
Discussion
Commercial broilers in antibiotic-free programs are facing a higher threat of
necrotic enteritis (NE), an enteric disease caused by coccidial lesions and bacterial
infection due to the withdrawal of antibiotics and inorphoric anticoccidials. Broiler chicks
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receive a coccidial vaccine containing a low dose of live Eimeria oocytes at d of hatch to
trigger their immunity for later coccidiosis challenge. However, in a companion study,
the coccidial vaccination has compromised the growth of broilers under a sever Eimeria
challenge (Wang et al., 2017). It may be associated with a shift of commensal microbiota
in their gastro-intestinal tract. By studying the DNA similarity, Hume et al. (2006) and
Oviedo-Rondon et al. (2006) found that introducing Eimeria oocytes to broilers caused a
drastic shift in intestinal microbiota and even the coccidial vaccination with a low dose of
oocytes caused changes in the microbial community. Eimeria challenge has been shown
to lower the bacterial DNA diversity (Stanley et al., 2014). High-throughput DNA
sequencing has revealed more accurate microbial fluctuation at the bacterial species level.
In our study, coccidial vaccination lowered the species diversity (detected species number
and Shannon diversity index) in cecal microbiota of broilers at d 42. Reduced species
diversity may be associated with inhibition or proliferation of certain bacteria in the
community. Previous studise have shown that introducing Eimeria oocytes to chicks,
stimulate proliferation of specific bacteria (Turk and Lttlejohn, 1987; Fukata et al., 1987).
For instance, an E. tenella challenge typically increased Lactobacillus acidophilus and
Bifidobacterium thermophilum (Fukata et al., 1987) counts in the ceca; and an E.
acervulina challenge increased Lactobacilli and coliforms counts in feces (Turk and
Lttlejohn, 1987). By proliferating the growth of acid-producing bacteria in the GI tract,
environmental pH may drop and subsequently inhibit the growth of other neutral bacteria.
The shift in microbes due to individual Eimeria pathogen may reduce the species
diversity. In the current study, a coccidial vaccine containing a mixture of Eimeria spp.
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was given to the chicks at d of hatch. This may have reshaped the intestinal microbiota of
the young chicks and lowered the species diversity at a later age. In addition to the
microbial fluctuation in the species diversity, part of the nutrients and energy in the GI
tract could be shifted from animal absorption to acid-bacteria consumption, which would
mean less nutrients and energy are available for the growth of the host animal. Therefore,
coccidial vaccination of chicks may have compromised the growth rate of the host animal
by manipulating the microbial population.
Not only microbial diversity but also the microbial compositions are affected by
the Eimeria pathogen. Zhou et al. (2017) found that an orally gavage of E. tenella
(50,000 oocytes/chick) increased cecal Firmicutes abundance from 53.12% to 89.67%
and reduced Proteobacteria abundance from 45.4% to 8.91%. This dramatic change in
microbial composition due to coccidial vaccination was not found in our study. However,
vaccination and dietary treatment interactively affected the microbial composition. Based
on the bacterial taxonomy, microbial composition can be studied at phylum, class, order,
family, genus, and species levels (Tables 5.8). Diet additive treatment did not affect any
microbial composition of the non-vaccinated broiler. At phylum level, more abundant
Bacteroidetes (66.63% VS 26.18% in the control diet treatment) was observed in
vaccinated broilers fed diets supplemented with 3 Bacillus subtilis strains (2084,
LSSAOl, and 15A-P4). In the meanwhile, exclusive occupation of Bacteroidetes lowered
Firmicutes abundance (28.40% VS 64.95%) in those broilers. A similar trend was
observed in a previous study with B. subtilis CGMCC 1.1086 supplementation (Li et al.,
2015). Li et al. (2015) reported that improvement in growth performance of host animals
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could be associated with the increase of Bacteroidetes abundance in the B. subtilis
treatment group. There are four major classes of Bacteroidetes: Bacteroidia,
Flavobacteriia, Sphingobacteriia, and Cytophagia (Krig et al., 2010). Taxon microbiota
analysis showed that the increase of Bacteroidetes abundance at the phylum level was
contributed by an increase of Bacteroidia and Sphingobacteriia abundances at class level
in this study. Cecal colonizers are mainly composed of species from the Bacteroidia
class, which can secrete enzymes to break down large molecules of nutrients into the
available size for the host animal (Thomas et al., 2011). By improving the abundance of
Bacteroidia, dietary B. subtilis supplementation may have facilitated nutrient digestion by
broilers.
Feeding B. subtilis to vaccinated broilers also changed their microbial profile at
the order, family, genus, and species levels. The shift of the whole community
composition is mainly due to a significant increase of Rikenella microfusus abundance in
the vaccinated broilers fed B. subtilis (20.55% VS 3.09% in control diet treatment).
Rikenella microfusus is a Gram-negative, anaerobic bacterium, which was described as
Bacteroides microfusus and isolated from the cecal content of calves, chickens, and
Japanese quails (Kaneuchi and Mitsuoka, 1978). Due to its specific morphological,
genomic and biochemical characteristics, it has been reclassified as R. microfusus
(Collins et al., 1985). It is a stable commensal bacterium in the cecal content of chickens.
It has been shown to be resistant to several antibiotics including bacitracin (3U/ml),
cefalotin (300 µg/ml), colistin (10 µg/ml), kanamycin (1,000 µg/ml), polymyxin B (10
µg/ml), and vancomycin (10 µg/ml, Kaneuchi and Mitsuoka, 1978). Supplementation of
130

fermentable carbohydrates including glucose, lactose, mannose, and melibiose enhances
the growth of R. microfusus (Collins et al., 1985). However, the mechanism behind how
the supplementation of B. subtilis, stimulates the growth of R. microfusus needs to be
studied further.
By promoting the R. microfusus abundance, B. subtilis supplementation has
narrowed proportions of other bacteria in the phylum of Firmicutes, and resulted in a
lower abundance of Faecalibacterium, Blautia, Alkaliphilus, Ruminococcus, and
Clostridium. Faecalibacterium, Blautia, Alkaliphilus, and Rumminococcus are
commensal bacteria associated with the GI tract of host animals. Those bacteria can
digest indigestible fibers and produce butyrate and short-chain fatty acids. Foregut
fermentation provides extra nutrients and energy to ruminant animals. However,
fermentable bacteria in the ceca play a less significant role in nutritional benefits to
broilers, because major nutrient absorption takes place in the small intestine. Clostridium
is a Gram-positive, spore-forming bacterium that includes several pathogenic species,
especially the C. perfringens in its genus. Clostridium perfringens is the major pathogen
which causes NE and gangrenous dermatitis in chicken and turkey production.
Clostridium perfringens is universal in the environment and can reside in the GI tract of
host animals. The type A strain of C. perfringens produces NetB toxin that is responsible
for the pathogenesis of NE in chicken (Keyburn et al., 2008). NetB toxin is a -barrelpore-forming toxin, which can form pores in planar lipid bilayers of the cell membrane
and lead to red blood cell lysis (Yan et al., 2013; Keyburn et al., 2008). A study in
Canada has shown that 21% of chicken products (total N= 88) from retail grocery stores
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carried C. perfringens with the netB gene, which indicates the netB-positive C.
perfringens may reach consumers by retail chicken production (Nowell et al., 2010).
Even though no study or evidence has shown that NetB toxin has caused enteric disease
in humans, by lowering the Clostridium abundance in the chicken ceca, B. subtilis feed
supplementation may lower the chance of NE infection and a potential threat to public
health.
Bacillus subtilis is a spore-forming, aerobic bacterium that benefits growth of
broilers by interacting with commensal microbes and providing immunostimulation.
From the current study along with a previous study, B. subtilis was not detected in the
cecal content or intestinal epithelial cells of broilers (Wang et al., 2017). However, B.
subtilis has been shown to possess some adhesion abilities in the broiler GI tract, and this
transit stay in the GI tract allows it to produce antimicrobial peptides (Barbosa et al.,
2005). There are two synthesis systems of these antimicrobial compounds in Bacillus
cells: nonribosomal synthesis of lipopeptides and ribosomal synthesis of polyketides.
Wiyada (2012) summarized that some B. subtilis can synthesize lipopeptides including
iturin, surfactin, and bacillomycin, and can be utilized as fungicides in the control of
plant diseases. By ribosomal synthesis, some B. subtilis can synthesize lantibiotics
including subtilin, nisin, and subtilosin A and they are commonly used in the food
industry as probiotics and preservatives (Wiyada, 2012). In the current study, a
commercial product containing 3 B. subtilis strains enriched R. microfusus abundance in
vaccinated broilers and lowered their Firmicutes bacteria abundance. Commensal
bacteria of the Firmicutes phylum in broilers may be more susceptive to antimicrobial
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compounds produced by the B. subtilis mixture. In the meanwhile, R. microfusus may be
more resistant to the antimicrobials produced by the B. subtilis mixture. In addition to
modifying the microbial composition, B. subtilis treatment has lowered the total speices
numbers in the broiler ceca. It may also be a result of the antimicrobial activity of B.
subtilis.
From our study, dietary Bacillus subtilis may modify cecal microbiota
composition of coccidial vaccinated broilers and specifically promote the growth of an
anaerobic bacterium, Rikenella microfusus. By manipulating the commensal microbiota,
B. subtilis may have helped to lower the Clostridium infection in broilers from antibioticfree production.
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Table 5.1 Summary of metagenomics data from broiler cecal contents
Diet

Vaccination Reps

Control

Antibiotics

Not
vaccinated

Probiotics

Control

Probiotics

Antibiotics

Vaccinated

1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6

Number of
valid reads
796,305
553,724
839,331
806,487
498,312
694,268
325,253
350,566
136,731
291,515
113,037
200,236
897,943
1,076,195
764,392
727,112
893,944
746,825
372,807
117,232
357,188
578,077
205,876
672,469
42,515
157,440
168,541
124,073
250,302
663,820
161,968
184,835
155,788
190,539
190,827
225,098
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% Reads
classified
to phylum
95.29
95.63
95.21
94.16
94.02
96.02
96.26
95.51
96.01
95.44
95.56
95.07
95.46
94.85
93.26
92.66
94.85
93.84
93.09
93.56
91.05
92.95
91.35
93.87
94.66
94.42
95.53
96.00
94.83
95.11
92.70
93.12
92.21
95.64
93.08
93.22

% Reads
classified
to species
39.96
47.81
53.85
32.52
44.92
51.02
40.31
38.98
48.74
47.70
47.15
48.89
40.08
51.53
35.03
36.15
38.89
31.59
30.15
35.68
37.31
32.46
36.53
49.88
47.92
54.36
56.67
58.03
19.63
49.95
35.43
43.98
35.82
51.07
34.80
32.42

Table 5.2 Effects of dietary additive and coccidial vaccination on cecal microbial species
diversity
1

Diet

406
329
364
10.1

Simpson
species
diversity
0.916
0.857
0.875
0.0185

Shannon
species
diversity
1.951
1.929
1.862
0.0560

411
321
8.3

0.871
0.894
0.0155

1.970a
1.858b
0.0457

Coccidial
Species
vaccination2

Con
Anti
Pro
SEM
None
Vaccinated
SEM

BW
2.865
3.038
3.016
0.0661
3.004
2.942
0.0538

2.932
None
428b
0.902ab
2.005
Con
d
c
3.044
None
334
0.783
1.926
Anti
a
a
3.036
472
0.928
1.980
Pro
None
c
a
2.797
Vaccinated 383
0.930
1.898
Con
d
a
3.033
Vaccinated 323
0.931
1.931
Anti
e
bc
3.000
Pro
Vaccinated 257
0.822
1.744
0.0929
SEM
14.3
0.0290
0.0798
P value
0.165
Diet
<0.001
0.112
0.349
Coccidial vaccination
<0.001
0.292
0.049
0.428
0.226
0.793
Diet × Coccidial vaccination
<0.001
<0.001
a-e
Means in a column not sharing a common superscript are different
1
Experiment diets included Con (control, corn and soybean-meal basal diet), Anti
(antibiotics, basal diet supplemented with 50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed), and Pro (probiotics, basal diet supplemented with 3 Bacillus
subtilis strains of 2084, LSSAOl, and 15A-P4 at equal amounts, 300,000 CFU/g of
finished feed).
2
Coccidial vaccination is given to one-day old chicks by spraying a commercial vaccine
containing live oocytes of Eimeria maxima, Eimeria acervulina, and Eimeria tenella.
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Table 5.3 Effects of dietary additive and coccidial vaccination on cecal microbial
composition (%) at phylum level
1

Diet
Con
Anti
Pro
SEM

Coccidial
vaccination2

None
Vaccinated
SEM
Con
None
Anti
None
Pro
None
Con
Vaccinated
Anti
Vaccinated
Pro
Vaccinated
SEM
P-value
Diet
Coccidial vaccination
Diet × Coccidial vaccination

Firmicutes
53.04
52.95
40.78
3.568

Bacteroidetes
39.34
39.60
53.03
3.884

Proteobacteria
4.94
4.92
3.85
0.739

Others
2.67
2.54
2.34
0.223

46.98
50.87
2.909

46.66
41.32
3.167

4.25
4.88
0.602

2.10
2.93
0.182

41.14cd
46.65bc
53.16abc
64.95a
59.24ab
28.40d
5.046

52.51ab
48.04b
39.43bc
26.18c
31.15c
66.63a
5.494

4.43
3.73
4.60
5.44
6.12
3.09
1.045

1.92bc
1.59c
2.80ab
3.43a
3.48a
1.88bc
0.316

0.097
0.363
<0.001

0.033
0.249
<0.001

0.505
0.469
0.187

0.595
0.004
<0.001

a-b
1

Experiment diets included Con (control, corn and soybean-meal basal diet), Anti
(antibiotics, basal diet supplemented with 50 g of bacitracin and 40 g of salinomycin
sodium/ton of finished feed), and Pro (probiotics, basal diet supplemented with 3 Bacillus
subtilis strains of 2084, LSSAOl, and 15A-P4 at equal amounts, 300,000 CFU/g of
finished feed).
2
Coccidial vaccination is given to one-day old chicks by spraying a commercial vaccine
containing live oocytes of Eimeria maxima, Eimeria acervulina, and Eimeria tenella.
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EFFECTS OF BACILLUS SUBTILIS AND ZINC ON THE GROWTH
PERFORMANCE, INTERNAL ORGAN DEVELOPMENT, AND
INTESTINAL MORPHOLOGY OF MALE BROILERS WITH
OR WITHOUT A SUBCLINICAL
COCCIDIA-CHALLENGE
Abstract
Effects of antibiotic (bacitracin), anticoccidial (narasin), and alternative (Bacillus
subtilis and zinc) feed additives on growth performance, internal organ development, and
intestinal morphology of commercial broilers with or without a subclinical coccidia
challenge were determined. A total of 1,344 one-day-old male Ross × Ross 708 broilers
were randomly distributed into 12 treatment groups (6 diets × 2 challenge treatments× 8
replicate pens per treatment) allotted to 96 floor pens. The 6 dietary treatments were: a
control diet (corn and soybean-meal basal diet), a probiotic diet (basal diet + Bacillus
subtilis PB6), a zinc diet (basal diet + 100 ppm zinc), a probiotic and zinc combination
diet, an anticoccidial diet (basal diet + narasin), and a practical diet (basal diet +narasin
and bacitracin). On d 21, chicks that received a coccidia challenge were gavaged with a
10× dose of a commercial vaccine containing live Eimeria oocytes, whereas chicks that
received a sham challenge were gavaged with an equivalent volume of distilled water.
The subclinical coccidia-challenge decreased ileal villus length to crypt-depth ratio at 26
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d of age, increased feed conversion ratio (FCR) from d 15 to 28 and d 29 to 40, and
increased the overall mortality of broilers from d 0 to 54. As compared to other
treatments, anticoccidial and practical diets increased feed intake (FI) and BW gain and
decreased FCR from d 15 to 28. Those diets also increased carcass weight and yield at d
40 and reduced overall mortality. As compared to the control diet, the probiotic diet
decreased BW gain and increased mortality from d 15 to 28. However, the combination
of zinc and probiotics in the diet reversed the adverse effects of the individual probiotic
and zinc diets on mortality. In conclusion, the supplementation of narasin (anticoccidial)
in the broiler diets promoted early growth and decreased mortality. However, the effects
of the dietary additives on growth diminished between d 41 and 54 of age.
Key words: bacitracin, broiler, Bacillus subtilis, narasin, zinc
Introduction
Coccidiosis, caused by the protozoan Eimeria, is considered as one of the most
economically important diseases in poultry production. Eimeria parasites proliferate in
the gastrointestinal (GI) tract and cause damage to enterocytes in the host chicken. This
facilitates the growth of the pathogen, Clostridium perfringens, and may result in necrotic
enteritis (McDougald and Fitz-Coy, 2008). A previous study indicates that subclinical
coccidiosis is the cause of 70% of the total economic loss due to coccidiosis that is
experienced by the poultry industry. These losses are primarily due to detrimental
impacts on the BW gain and feed conversion of the birds (Sorensen et al., 2006). In an
-

ABF) program in broiler production, antibiotic and ionophore-

anticoccidial additives are not included in the feed. Enhancing intestinal health and
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integrity by including feed additives that are alternatives to antibiotics is a potentially
effective way for the prevention of coccidiosis in ABF broiler production.
Bacillus subtilis spp., spore-producing bacteria, are utilized as feed probiotics in
poultry production. Their heat-resistant spores can survive through feed processing and
can recover to become active and functional vegetative cells in the chicken GI tract
(Latorre et al., 2014). Previous studies have shown that the inclusion of B. subtilis in
chicken feed improved their growth rate and feed conversion abilities (Sen et al., 2012;
Jeong and Kim, 2014; Wang et al., 2016). The combined use of B. subtilis and prebiotics
(Mannan-

-glucans) can facilitate the ability of broilers to convert

feed for growth when subjected to a clinical coccidia-challenge (Wang et al., 2018a). The
mechanism behind the growth promoting effects of B. subtilis is considered to be related
to its production of antimicrobial peptides, which may optimize microbial composition in
the GI tract (Wiyada, 2012). In vivo studies on chickens have shown that the dietary
inclusion of B. subtilis promotes the growth of beneficial bacteria, such as Lactobacillus
(Latorre et al., 2014; Wang et al., 2016), and inhibits the growth of pathogenic bacteria,
such as Salmonella Enteritidis and C. perfringens (Jayaraman et al., 2013; Park and Kim,
2014; Wang et al., 2018b). Bacillus subtilis-based probiotics also promote the growth of
the GI tract in birds by lengthening intestinal villi (Sen et al., 2012; Jayaraman et al.,
2013), increasing proventriculus size, and extending ileum length (Wang et al., 2018a).
In addition to balancing microbiota, the maintenance of intestinal integrity during
coccidia invasion is another possible route in the prevention of coccidiosis. Dietary zinc
supplementation enhances the function of the intestinal epithelial barrier by upregulating
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the signaling pathway in tight junction expression (Shao et al., 2017 a, b). By the same
mechanism, zinc supplementation restored intestinal barrier function that was damaged
by Salmonella enterica Typhimurium (Zhang et al., 2012). It is also reported that zinc
supplementation may alleviate heat stress in broilers by bolstering innate immunity in
their intestines (Chand et al., 2014). In that study, zinc supplementation enhanced the
proliferation of leucocytes, lymphocytes, and monocytes in heat-challenged broilers
(Chand et al., 2014). Besides meeting growth requirements, zinc is also included in
broiler diets as an adjuvant to various feed additives, such as zinc bacitracin. However,
limited research is available pertaining to the use of supplemental zinc in broiler diets that
have included with probiotics such as B. subtilis.
It was hypothesized that the combined use of B. subtilis and zinc in the feed
would help broilers in their defense against a subclinical coccidia-challenge by enhancing
their intestinal integrity and development, which could subsequently improve their
growth performance. Therefore, the objective of this study was to determine the main and
interaction effects of dietary additives and subclinical-coccidia challenge. The effects of
these treatments on the growth performance, internal organ development, and intestinal
morphology were specifically examined.
Materials and Methods
Bird Management and Treatment
All bird handling and husbandry was approved by the Institutional Animal Care
and Use Committee of Mississippi State University. A total of 1,344 Ross × Ross male
broilers (Aviagen, Huntsville, AL) were administered Newcastle disease, infectious
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bronchitis, and coccidiosis vaccines, and were then feather sexed on d of hatch. Male
broilers were randomly allocated to 96 floor pens in an environmentally controlled house
(14 chicks per pen). Each floor pen was equipped with one hanging feeder, three nipple
drinkers, and fresh wood shavings as litter. A 23L:1D photoperiod from d 1 to 7 and a
20L:4D photoperiod from d 8 to 56 were provided. A commercial temperature program
was followed (Aviagen, Huntsville, AL). Four feeding phases were provided to chicks as
follows: d 0 to 14 (Starter), 15 to 28 (Grower), 29 to 40 (Finisher I), and 41 to 54
(Finisher II). The 96 floor pens were divided into 8 blocks based on their locations in the
chicken house (12 pens per block). Twelve treatment groups (6 diets × 2 challenge
treatments) were randomly distributed into the 12 pens in each block.
Near infrared spectroscopy analysis of corn, soybean meal, and meat and bone
meal were processed using a FOSS NIR system (model: XDS-XM-1100 series, Foss,
Sweden). Digestible AA and AME contents of corn, soybean meal, and meat and bone
meal were generated from a commercial database (Precise Nutrition Evaluation, Adisseo,
Alpharetta, GA). Basal diets were formulated to meet or exceed recommendations for
male broilers exhibiting standard performance (Rostagno et al., 2011; Table 6.1). There
were 6 dietary treatments, which included a control diet (corn and soybean-meal basal
diet), a probiotic diet (basal diet supplemented with 1.1 × 105 CFU of Bacillus subtilis
PB6 per g of finished feed), a zinc diet (basal diet supplemented with 100 ppm extra zinc,
in the form of zinc sulfate), a probiotic and zinc combination diet (ProZinc, basal diet
supplemented with both the probiotic and zinc products as descried above), an
anticoccidial diet (basal diet supplemented with 54 g of narasin per ton of finished feed),
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and a practical diet including both anticoccidial and antibiotic additives (basal diet
supplemented with 54 g of narasin and 50 g of bacitracin per ton of finished feed). An
anticoccidial additive (narasin) was not included in the starter feed from d 0 to 14 to
ensure the efficacy of coccidial vaccination. Therefore, there were 5 dietary treatments
from d 0 to 14. Growth performance from d 0 to 14 was provided separately (Table 6.2).
All experimental feed additives replaced the equivalent amount of sand in the basal diet
as described above. Bacillus counts in the feed were confirmed by a commercial lab
employing by blind bacterial plating.
To mimic the subclinical coccidia-challenge in broiler production, a 10× dose of a
commercial vaccine containing live Eimeria oocysts (Coccivac-B52, Intervet Inc.
Omaha, NE) was given to the chicks by oral gavage on d 21 of age. Half of the chicks
received live Eimeria oocysts (E. acervulina, E. maxima, E. maxima MFP, E. mivati, and
E. tenella) diluted in 1 mL of distilled water. The other half of the chicks received 1 mL
of pure distilled water.
Growth Performance and Carcass Production
Feed intake (FI) and BW were recorded on a pen basis on d 0, 14, 28, 40, and 54
post-hatch. Subseqently, BW gain (BWG) and feed conversion ratio (FCR) were
calculated from 0 to 14, 15 to 28, 29 to 40, and 41 to 54 d of age. Daily mortality and
dead bird weight were recorded to calculate the corrected FCR within each feeding phase.
Three broilers per pen on d 40 and 5 broilers per pen on d 54 were randomly selected for
carcass processing. Broilers were withdrawn from feed for 16 h before processing. Birds
were automatically processed, chilled, and manually deboned. Live BW, and weights of
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the abdominal fat pad, carcass, wing, drumsticks, thigh, boneless and skinless breast, and
tenders were recorded. Carcass yield (as a percentage of BW) and part yields (a
percentage of carcass weight) were calculated.
Sampling and Histological Exam
On d 26, 40, and 54, 1 bird per pen was randomly selected for internal organ
sampling. Birds were euthanized by CO2 asphyxiation, weighed, and dissected
individually. The pancreas, spleen, bursa, duodenum, jejunum, and ileum of each bird
were collected and weighed. The relative weight of each organ was calculated as the
percentage of BW. Duodenum, jejunum, and ileum lengths were recorded to calculate
their relative density (g per cm). On d 40 and 54, ileal contents were collected and
homogenized to obtain a pH measurement (Accumet AP110, Thermo Fisher Scientific,
Waltham, MA). A 1.5 cm intestine section at the midpoint of the duodenum, jejunum,
and ileum was also collected on d 26 for histological analysis. Villus length, width, crypt
depth, muscle thickness, and goblet cell size of each section were measured as described
by Wang et al. (2015), and villus length to crypt depth ratio was calculated.
Experimental Design and Data Analysis
A randomized completed block design with a 6 (diets) × 2 (challenge treatments)
factorial arrangement was applied in this study. However, the coccidia challenge was not
conducted until d 21. One-way ANOVA analysis was applied to study the effects of the
dietary additive on broiler chick growth before the coccidia-challenge. Two-way
ANOVA analysis was applied to determine the interaction and main effects of dietary
additive and subclinical coccidia-challenge on growth performance from d 14 to 54,
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internal organ development, and intestinal morphology. Main effects were reported only
if there was no significant interaction. The 96 floor pens in the chicken house were
divided into 8 blocks based on their location in the experimental facility (8 replications).
Environmental differences were considered as the block factor. An unrestricted-mixed
model in the PROC MIXED procedure was applied. Interaction and main effects of
dietary additive and subclinical coccidia-challenge were considered as fixed effects and
block as a random effect. If there was a significant difference among treatments, Fisher's
least significant difference test was conducted to separate the means. The level of
significance

.
Results

Growth Performance and Carcass Production
Narasin (anticoccidial) was not included in the starter feed in the first 2 wk to
ensure the efficacy of coccidia vaccination. Additionally, birds were not challenged until
d 21. Therefore, there were only 5 dietary treatments from d 0 to 14 (Table 6.2): control,
probiotic, zinc, ProZinc, and antibiotic diets. The probiotic-containing diets decreased the
FI of the broilers from d 0 to 14 in comparison to broilers fed the control, ProZinc, and
antibiotic diets (P = 0.011). However, the feed additive did not affect the BWG, FCR, or
mortality of broilers during from d 0 to 14.
In this study, the subclinical-coccidia challenge did not cause clinical lesions. No
clinical lesions in the GI tract were observed on d 26, 40, and 54. However, the
subclinical-coccidia challenge increased FCR from d 15 to 28 (P = 0.003, Table 6.3) d 29
to 40 (P = 0.031), and overall mortality from d 0 to 54. Broilers fed anticoccidial and
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practical diets exhibited a higher FI (P < 0.001), a higher BWG (P < 0.001), and a lower
FCR (P < 0.001) from d 15 to 28 in comparison to those fed the other diets. Broilers fed
probiotic diets exhibited a lower FI and BWG from d 15 to 28 than those fed control,
anticoccidial and practical diets (P < 0.001). Diets supplemented with zinc or probiotics
increased bird mortality from d 15 to 28 in comparison to those fed diets supplemented
with or without anticoccidial or antibiotics (P = 0.038). However, the combined use of
zinc and probiotics reversed this effect on mortality. Dietary additives did not affect
growth performance from d 29 to 40 or from d 41 to 54. Also except for mortality,
dietary additives did not affect performance from d 0 to 54. As compared to zinccontaining diets, anticoccidial and practical diets decreased overall mortality (P = 0.009).
There were no interaction effects of dietary additive and challenge on the absolute
(Table 6.4) or relative (Table 6.5) weights of the carcasses or parts of the broilers at 40 d
of age. The only exception to this was a dietary additive and challenge interaction for
absolute abdominal fat-pad weight (P =0.024, Table 6.4). For non-challenged broilers,
those fed practical diets exhibited higher fat-pad weights than those fed control and
ProZinc diets. For challenged broilers, those fed anticoccidial diets exhibited the highest
fat-pad weight. In addition, anticoccidial and practical diets helped birds to reach a higher
BW (P < 0.001) and higher absolute weights of the carcass (P = 0.007) and drumsticks (P
< 0.001) in comparison to those fed the other diets. These 2 diets also increased absolute
wing weights of the broilers as compared to those fed probiotic and ProZinc diets (P =
0.004). Furthermore, the same 2 diets increased absolute breast weight as compared to
those in the control, probiotic-containing, and ProZinc diets (P < 0.001). The control,
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anticoccidial-containing, and practical diets increased absolute tender weights as
compared to the ProZinc diet (P = 0.017). Broilers fed practical diets exhibited higher
absolute thigh weights than those fed control, probiotic-containing, zinc-containing, and
ProZinc diets, and broilers fed anticoccidial-containing diets exhibited higher absolute
thigh weights than did those fed control, probiotic-containing, and ProZinc diets (P <
0.001). Additionally, broilers fed practical diets exhibited a higher relative carcass weight
than those fed control, probiotic-containing, zinc-containing, and ProZinc diets, and
broilers fed anticoccidial-containing diets exhibited a higher relative carcass weight than
those fed ProZinc diets (P < 0.001). However, broilers fed control diets exhibited the
highest relative tender weights (P = 0.011).
On d 54, the subclinical-coccidia challenge depressed the absolute drumstick
weights of the broilers (P = 0.046, Table 6.6). A significant interaction between dietary
additive and challenge was observed for relative wing weights of the broilers on d 54 (P =
0.004, Table 6.7). For non-challenged broilers, those fed probiotic-containing diets
exhibited the lowest relative wing weights, and for challenged broilers, those fed ProZinc
diets exhibited lower relative wing weights than did those fed control diets. The practical
diets helped the birds to reach the highest relative carcass weight (P = 0.004), whereas the
ProZinc diets helped the birds to reach the highest relative drumstick weight (P = 0.021).
Internal Organs
On d 26, there was an interaction between the dietary additive and challenge
treatments on duodenum length (P = 0.042, Table 6.8). For non-challenged broilers, the
anticoccidial-containing diets decreased the duodenum length of the broilers as compared
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to the probiotic-containing, zinc-containing, ProZinc, and practical diets. For challenged
broilers, the control diets increased duodenum length as compared to the zinc-containing,
ProZinc, anticoccidial-containing, and practical diets, but when compared to those birds
fed control and practical diets, birds fed the probiotic-containing, zinc-containing,
ProZinc, and anticoccidial-containing diets exhibited a lower jejunum weight per unit
length (g per cm, P < 0.001) and a lower relative jejunum weight (P < 0.001). The
anticoccidial and practical diets lowered relative ileum weight as compared to birds in the
control and ProZinc dietary treatment groups (P = 0.022). The subclinical coccidia
challenge increased ileum weight per unit length (P = 0.017) and relative pancreas weight
(P = 0.020).
On d 40, significant interactions between dietary additives and subclinical
coccidia-challenge were observed for relative weights of the spleen (P = 0.007) and ileum
(P = 0.041, Table 6.9). For non-challenged broilers, those fed practical diets exhibited the
lowest relative spleen and ileum weights. However, for challenged broilers, those fed
zinc-containing diets exhibited the lowest relative spleen weight but the highest relative
ileum weight. Anticoccidial-containing and practical diets decreased the relative weights
of the pancreas (P = 0.002), duodenum (P = 0.002), and jejunum (P < 0.001) as compared
to birds in the control, probiotic-containing, and ProZinc dietary treatment groups.
Broilers fed anticoccidial diets exhibited a shorter jejunum length than those fed control,
probiotic-containing, ProZinc, and practical diets, and broilers fed zinc diets exhibited a
shorter jejunum length than those fed control, probiotic-containing, and ProZinc diets (P
= 0.007).
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On d 54, there were no significant interactions or major effects involving a dietary
additive for any of the internal organs examined in the broilers (Table 6.10).
Nevertheless, the challenge increased the densities (weight per unit length) of the
duodenum (P = 0.026) and jejunum (P = 0.050) as well as the relative weights of the
bursa (P = 0.034) and duodenum (P = 0.003).
Intestinal Morphology
A significant interaction between the dietary additive and subclinical-coccidiosis
treatments was observed for the size of the duodenum goblet cells on d 26 (P = 0.019,
Table 6.11). In non-challenged broilers, the probiotic-containing diets decreased goblet
cell size in the duodenum as compared to those in the ProZinc dietary group. For
challenged broilers, the anticoccidial-containing diets increased duodenum goblet cell
size in comparison to that of birds in the control, ProZinc, and practical dietary treatment
groups. In addition, broilers fed anticoccidial-containing diets exhibited the highest
jejunum villus length (P = 0.030, Table 6.12) and villus to crypt ratio (P = 0.026).
Broilers fed ProZinc diets exhibited the lowest jejunum villus length (P = 0.030) and the
highest ileum villus width (P = 0.011, Table 6.13). Furthurmore, the subclinical coccidiachallenge increased crypt depth (P = 0.032) and subsequently lowered villus to crypt ratio
(P = 0.042) in the ileum.
Discussion
An oral gavage of a heavy dose of a coccidial vaccine containing live Eimeria
oocysts can trigger coccidiosis in chicks. In a previous study, a 20× dose of coccidial
vaccine was given to chicks on d 14, causing clinical coccidiosis in the chicks. Typical
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lesions and intestinal hemorrhages were observed in that study (Wang et al., 2018a). In
the current study, a lower dose (10×) coccidial vaccine dosage was given to chicks at an
older age (d 21), causing subclinical coccidiosis in the chicks. No clinical signs or gut
lesions were observed, but poor feed efficiency was seen in the coccidia-challenged
broilers. This is consistent with earlier studies in which the Eimeria parasites impaired
the feed conversion and nutrient utilization of the broilers that were diagnosed with
subclinical coccidiosis (Voeten et al., 1988; Fitz-Coy and Edgar, 1992; Williams, 1998).
When Eimeria oocytes enter the GI tract, an optimal temperature and humidity allows
them to sporulate into infective cells and subsequently invade the enterocytes of the host
chicken (Reid, 1978). Eimeria sporozoites may cause nutrient absorption to be come
dysfunctionalin infected enterocytes. Recent research clarifies that E. acervulina, E.
maxima, and E. tenella infections down regulate the expression of sugar transporters and
amino acid transporters in the membranes of broiler enterocytes (Miska and Fetterer,
2017). Additionally, Eimeria cells compete with the host chicken for energy and nutrients
so that they can proliferate in the GI tract. Thus, the Eimeria challenge would have
impaired nutrient utilization in the broilers. There was evidenced by the poor feed
efficiency observed in the current study, even though no macroscopic lesions were not
observed in the challenged birds.
Eimeria parasites have developed a specificity for host animals as well as
infection sites in their GI tract (Jyner and Long, 1974). In the current study, a mixture of
E. acervulina and E. mivati (infecting duodenum), E. maxima (infecting jejunum and
ileum), and E. tenella (infecting cecum) was administrated to chicks in order to mimic a
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subclinical infection during broiler production. Deeper crypts were observed in the ileum
of broilers subjected to a subclinical coccidia-challenge, which resulted in lower villus
height to crypt depth ratios, and a higher weight per unit of length (g/cm). The intestinal
crypt consists of stem cells, which can immigrate to the top of villi and differentiate into
functional epithelial cells. A deeper crypt depth may indicate a faster tissue proliferation
rate that compensates for the loss of villi due to a coccidial invasion. This suggestion is in
agreement with previously proposed functions of deeper crypts. The proliferation of cells
"permits renewal of villi as needed in response to inflammation from pathogens or their
toxins, as well as the high demands of tissues" (Yason et al., 1987; Awad et al., 2009). In
addition, a higher relative weight of the pancreas on d 6 post-challenge and a higher
relative weight of the duodenum on d 24 post-challenge were observed in the challenged
broilers. The enlarged internal organs may also be an adaption to the invasion of coccidia
in broilers. The larger pancreas and duodenum may produce and release more digestive
enzymes to improve the nutrient utilization in the infected broilers.
As expected, the inclusion of narasin in the broiler feed improved growth
performance. Anticoccidial and practical diets, both containing narasin, increased feed
consumption, BW gain, and feed conversion from d 15 to 28 and carcass production on d
40. Narasin, a common ionophoric anticoccidial, has a wide anticoccidial effect against
most pathogenic coccidia in chickens (Jeffers et al., 1988 a, b), and has an antibiotic
effect against Clostridium perfringens (Elwinger et al., 1998). By limiting the growth of
pathogens, narasin may conserve energy and nutrients for the growth of broiler host. This
is evidenced by the observed improvement in growth performance of the broilers. In the
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current study, the diets supplemented with narasin reduced the size of the duodenum,
jejunum, and ileum on d 6 post-challenge. This was associated with their shorter lengths
and lower relative weights, which extended to d 19 post-challenge. In a previous study,
dietary antibiotic supplementation shortened the GI tract of broilers (Wang et al., 2017a).
By reducing the size of the GI tract, antibiotics or anticoccidials may reduce energy
consumption for the maintenance of the GI tract and redirect it towards muscle deposition.
In the current study, the inclusion of bacitracin (antibiotic) in anticoccidial diets (practical
diet) did not further improve the growth performance of the broilers. This indicates that
antibiotic growth promoters may not be necessary when the diet is supplemented with an
anticoccidial exhibiting antibacterial activity (Elwinger et al., 1998).
In the previous study by Wang et al. (2016), it was indicated that B. subtilis
treatment helped birds reach a higher carcass weight through compensatory growth when
they were raised under hygienic conditions. However, in this study, overall growth
performance from d 0 to 54 and carcass production on d 54 were not altered by any
dietary additives. This is similar to the previous Eimeria-challenge study conducted by
Wang et al. (2018a), in which broiler performance from d 29 to 56 was not improved by
dietary bacitracin (antibiotic), salinomycin (anticoccidial), or B. subtilis treatment.
Furthermore, in the current study, including B. subtilis in broiler feed alone lowered the
feed consumption and BW gain of the broilers, and increased their mortality from d 15 to
28 when comparted those in the control treatment. The adverse effects of B. subtilis on
growth after coccidial challenge may be due to an immunological interaction between B.
subtilis and coccidia cells. Another study has indicated that dietary B. subtlilis down160

regulated Eimeria-specific antibodies in broilers and failed to improve growth
performance (Lee et al., 2014). The studies above indicate that dietary regulation using B.
subtlilis-based probiotics or zinc supplementation is not sufficient to prevent and control
coccidiosis.
Dietary B. subtilis (Sen et al., 2012; Jayaraman et al., 2013) and zinc
supplementation (Zhang et al., 2012) has been reported to improve the growth of
intestinal villi and alleviate intestinal damage caused by coccidia. However, adding B.
subtilis or zinc alone to the broiler diets in the current study did not affect their internal
organ or intestinal mucosa. The combined use of B. subtilis and zinc additives decreased
jejunal villus length but increased ileal villus width. From the anterior to the posterior
sections of the small intestine, the major activity of villi turns from a digestive to an
absorptive function. Progressing from the duodenum to the ileum, villi become shorter,
and goblet cells become smaller. Differentive effects of the combined supplementation of
B. subtilis and zinc on jejunal and ileal villi may be associated with their effects on
nutrient digestion and absorption. However, the mechanisms for these functions need
further studying.
In the current study, using B. subtilis alone could not help birds defend
themselves against coccidia. However, the combined use of zinc and B. subtilis reversed
the high mortality trend in the broilers fed diets supplemented with B. subtilis or zinc
alone. Dietary supplementation of the anticoccidial additive, narasin, benefited early
growth and decreased the mortality of the broilers subjected to a subclinical-coccidia
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challenge. However, the effects of the dietary additives on growth diminished in the last
phase of grow-out from d 41 to 54.
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Table 6.1 Feed ingredients and nutrient contents of control diets
Items
Day 0 to 14
Ingredient1, %
53.80
Corn
34.89
Soybean meal
Meat and bone meal
5.00
Poultry fat
2.36
Salt
0.52
Calcium carbonate
0.88
1.06
Dicalcium phosphate
DL-Methionine
0.34
L-Lysine hydrochloride
0.34
L-Threonine
0.11
Valine
0.07
Premix2
0.25
Phytase3
0.02
Choline chloride
0.10
Sand4
0.18
Nutrient content5
ME (Kcal/kg)
2,955
CP, %
22.79
Ca, %
0.92
Available P, %
0.47
Na, %
0.22
Digestible methionine, %
0.63
Digestible TSAA, %
0.94
1.31
Digestible lysine, %
0.85
Digestible threonine, %

Day 15 to 28

Day 29 to 40

Day 41 to 54

63.88
25.60
5.00
2.70
0.49
0.70
0.10
0.31
0.32
0.10
0.06
0.25
0.02
0.10
0.18

63.93
26.00
4.10
3.40
0.47
0.77
0.00
0.25
0.29
0.10
0.04
0.25
0.02
0.10
0.18

63.04
28.91
0.00
4.72
0.45
1.41
0.59
0.17
0.07
0.00
0.00
0.25
0.02
0.10
0.18

3,010
21.04
0.82
0.44
0.21
0.57
0.85
1.17
0.76

3,150
19.46
0.73
0.34
0.20
0.52
0.79
1.08
0.70

3,200
18.70
0.73
0.26
0.19
0.42
0.68
0.94
0.61

1

The AME and digestible AA profiles of corn, soybean meal, and meat and bone meal
were analyzed by near-infrared spectroscopy.
2

- -tocopherol acetate, 0.9mg menadione,
-pantothenic acid, 5.0 mg
riboflavin, 33mg niacin, 1.0 mg thiamine, 0.1 mg D-biotin, 0.9 mg pyridoxine, 28 mg
ethoxyquin, 55 mg manganese, 50 mg zinc, 28 mg iron, 4 mg copper, 0.5 mg iodine, and
0.1 mg selenium.
3
The phytase product contained 10,000 FTY/g phytase. One unit (FYT) of the phytase
can liberate 1 mM of inorganic phosphate per min from sodium phytate at pH 5.5 and
37oC.
4
Experimental feed additives [probiotic product (1.1 × 105 CFU of Bacillus subtilis PB6/g
of finished feed), zinc sulfate (100ppm extra zinc in the finished feed), anticoccidia (54 g
of narasin/ton of finished feed), or antimicrobials (54 g of narasin and 50 g bacitracin/ton
of finished feed)] replaced the equivalent amount of sand in diet.
5
Nutrient contents were calculated on a dry matter basis.
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Table 6.2 Effects of dietary additive on growth performance of male broilers from d 0 to
14
1

Diet

Control
Probiotic
Zinc
ProZinc
Antibiotic
SEM
P-value

Feed
intake
(kg)
0.499a
0.479b
0.485ab
0.491a
0.499a
0.0057
0.011

BW gain
(kg)
0.404
0.387
0.397
0.399
0.399
0.0048
0.096

Feed conversion
ratio
1.263
1.259
1.250
1.263
1.253
0.0124
0.884

Mortality (%)
4.55
4.46
5.74
3.84
1.34
1.325
0.160

a, b
1

Experiment diets included a corn and soybean-meal control diet, a probiotic diet (control
diet supplemented with 1.1 × 105 CFU of Bacillus subtilis PB6/g of finished feed), a zinc
diet (control diet supplemented with 100 ppm extra zinc), a ProZinc combined diet
(control diet supplemented with both of the probiotic and zinc products as above), and an
antibiotic diet (control diet supplemented with 50 g of bacitracin/ton of finished feed.
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Table 6.11 Effects of dietary additive and subclinical-coccidia challenge on duodenum
morphology of male broilers at 26 d of age

Control

Villus
length
(µm)
1,953

Villus
width
(µm)
213

Crypt
depth
(µm)
314

Muscle
thickness
(µm)
235

Villus
length/crypt
depth
6.71

Goblet
cell size
(µm2)
142

Probiotic

2,060

242

325

207

6.73

146

Zinc

1,992

229

292

215

6.97

153

ProZinc

1,911

221

293

210

6.65

155

Anticoccidial

2,051

233

304

220

6.87

165

Practical

2,210

236

311

208

7.79

133

0.587

11.7

Diet1

Challenge

SEM

96.7

17.1

18.9

12.7

None

2,048

236

312

216

6.98

143

Yes

2,011

222

301

216

6.93

154

SEM

64.8

10.7

11.6

7.3

0.380

6.8

Control

None

1,950

199

316

235

6.73

151abc

Probiotic

None

1,950

266

359

201

5.69

117c

Zinc

None

2,115

252

320

219

6.86

156abc

ProZinc

None

1,975

206

277

200

7.13

172ab

Anticoccidial

None

2,045

247

302

220

7.01

136bc

Practical

None

2,250

247

301

218

8.44

128bc

Control

Yes

1,955

227

312

234

6.68

132bc

Probiotic

Yes

2,171

218

292

214

7.77

175ab

Zinc

Yes

1,869

207

265

211

7.08

150abc

ProZinc

Yes

1,847

237

309

219

6.16

137bc

Anticoccidial

Yes

2,056

218

306

220

6.73

194a

Practical

Yes

2,170

225

322

197.6

7.14

138bc
16.6

SEM

130.7

23.6

26.3

17.9

0.802

P-value
Diet

0.215

0.840

0.777

0.640

0.676

0.513

Challenge

0.614

0.289

0.450

0.968

0.912

0.263

Diet × challenge

0.549

0.333

0.307

0.897

0.320

0.019

a-c
1

Experiment diets included a corn and soybean-meal control diet, a probiotic diet (control diet
supplemented with 1.1 × 105 CFU of Bacillus subtilis PB6/g of finished feed), a zinc diet (control diet
supplemented with 100 ppm extra zinc), a ProZinc combined diet (control diet supplemented with both of
the probiotic and zinc products as above), an anticoccidial diet (control diet supplemented with 54g of
narasin/ton of finished feed), and a practical diet (control diet supplemented with 50g of bacitracin and 54g
narasin/ton of finished feed).
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Table 6.12 Effects of dietary additive and subclinical coccidia-challenge on jejunum
morphology of male broilers at 26 d of age

Diet1

Villus
width
(µm)

Crypt
depth
(µm)

1 318ab
1,288abc
1,200bc
1,089c
1,444a
1,408ab
82.1

270
271
212
217
222
232
22.4

310
268
299
250
239
281
22.1

Goblet
Muscle
Villus
cell
thickness length/crypt
size
(µm)
depth
(µm2)
b
132
177
4.39
b
187
5.12
139
b
177
140
4.75
b
177
115
4.88
162
6.63a
119
b
203
118
4.99
11.2
0.484
10.4

1,336
1,247
47.4

251
224
15.5

277
271
13.0

182
179
6.5

Villus
Challenge
length (µm)

Control
Probiotic
Zinc
ProZinc
Anticoccidial
Practical
SEM
None
Yes
SEM
P-value
Diet
Challenge
Diet × challenge2

0.030
0.192
0.239

0.111
0.091
0.284

0.170
0.735
0.352

0.224
0.741
0.891

5.18
5.07
0.291
0.026
0.777
0.779

124
130
6.0
0.340
0.530
0.672

a-c
1

Experiment diets included a corn and soybean-meal control diet, a probiotic diet (control
diet supplemented with 1.1 × 105 CFU of Bacillus subtilis PB6/g of finished feed), a zinc
diet (control diet supplemented with 100 ppm extra zinc), a ProZinc combined diet
(control diet supplemented with both of the probiotic and zinc products as above), an
anticoccidial diet (control diet supplemented with 54g of narasin/ton of finished feed),
and a practical diet (control diet supplemented with 50g of bacitracin and 54g narasin/ton
of finished feed).
2
No significant interactions between dietary additive and subclinical-coccidia challenge
were found. Means of interaction treatments are not listed.
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Table 6.13 Effects of dietary additive and subclinical coccidia-challenge on ileum
morphology of male broilers at 26 d of age
1

Diet

Challeng
e

Control
Probiotic
Zinc
ProZinc
Anticoccidial
Practical
SEM
None
Yes
SEM

Villus
length
(µm)
784
737
725
798
734
689
41.8

Villus
width
(µm)
191c
235abc
199bc
265a
199bc
244ab
17.6

Crypt
depth
(µm)
213
198
184
214
181
181
11.7

Muscle
thicknes
s (µm)
218
206
189
183
184
193
15.2

744
745
28.9

224
221
11.0

185b
206a
6.8

186
204
8.8

Villus
Goblet
length/cryp cell size
t depth
(µm2)
3.89
125
3.87
123
4.31
125
3.74
124
4.13
120
3.98
113
0.274
18.7
4.22a
3.75b
0.158

124
119
5.0

P-value
Diet
0.317
0.011
0.126
0.514
0.734
0.922
Challenge
0.977
0.802
0.032
0.155
0.042
0.488
2
Diet × challenge
0.512
0.080
0.726
0.428
0.432
0.452
a-c
Means in a column not sharing a commo
1
Experiment diets included a corn and soybean-meal control diet, a probiotic diet (control
diet supplemented with 1.1 × 105 CFU of Bacillus subtilis PB6/g of finished feed), a zinc
diet (control diet supplemented with 100 ppm extra zinc), a ProZinc combined diet
(control diet supplemented with both of the probiotic and zinc products as above), an
anticoccidial diet (control diet supplemented with 54g of narasin/ton of finished feed),
and a practical diet (control diet supplemented with 50g of bacitracin and 54g narasin/ton
of finished feed).
2
No significant interactions between dietary additive and subclinical-coccidia challenge
were found. Means of interaction treatments are not listed.
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EFFECTS OF BACILLUS SUBTILIS AND ZINC FEED ADDITIVES ON CECAL
MICROBIAL DIVERSITY AND COMPOSITION OF MALE BROILERS
SUBJECTED TO A SUBCLINICAL COCCIDIA-CHALLENGE
ABSTRACT
In a companion study, the effects of antimicrobial (bacitracin and narasin) and
alternative (Bacillus subtilis and zinc) feed additives on the growth performance of male
broilers subjected to a subclinical coccidia-challenge were reported. In this study, effects
of B. subtilis and zinc on the microbial diversity and composition of the cecal contents of
broilers were determined. A total of 504 Ross × Ross 708 male chicks were randomly
assigned to 36 floor pens (14 chicks/pen, 6 replicate pens/dietary treatment). Birds were
fed one of 6 diets. Those diets included a control diet (corn and soybean-meal basal diet),
a probiotic diet (basal diet + Bacillus subtilis PB6), a zinc diet (basal diet + 100 ppm
zinc), a probiotic and zinc combined diet (Prozinc, basal diet + probiotic + zinc), an
anticoccidial diet (basal diet + narasin), and a practical diet (basal diet + narasin and
bacitracin). To simulate a commercial subclinical coccidia-challenge, each chick received
a 10× dose of a vaccine containing live Eimeria oocytes on d 21 post-hatch. Cecal
contents were collected from one bird in each pen at 6 d post-challenge. Cecal microbial
diversity and composition were determined using 16S metagenomics. No significant
dietary effects on DNA diversity (observed-OTU number, Shannon index, or Chao1
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index) were observed. Bacterial species number was lowest in the cecal contents of
broilers fed probiotic-containing diets. The lowest proportions of Blautia and Clostridium
were observed in the cecal contents of broilers fed diets supplemented with zinc. In
comparison to the control, zinc-containing, and practical dietary treatments, the Prozinc
diet decreased broiler BW. In conclusion, B. subtilis strain PB6 probiotic reduced the
number of microbial species in the ceca of broilers. Dietary zinc supplementation
inhibited the colonization of Clostridium in the ceca of broilers. However, zinc is not
recommended for use with B. subtilis-based probiotics,
adverse impact on the growth performance of broilers.
Key words: broiler, Bacillus subtilis, zinc, microbial diversity, microbial composition
Introduction
Bacillus subtilis strains have been added to poultry feed as a probiotic for over 20
years (Santoso et al., 1995). Bacillus subtilis-based probiotics are considered one of the
foremost alternatives to antibiotics for the maintenance of gut health and the
improvement of growth performance in broilers. Specifically, B. subtilis-based probiotics
can prevent the colonization of harmful bacteria (strain PB6, Jayaraman et al., 2013;
strain B2A, Park and Kim, 2014) and to promote the growth of beneficial bacteria in the
gastrointestinal (GI) tract (strain PHL-NP122, Latorre et al., 2014; a mixture of 3 strains
2084, LSSAO1, and 15A-P4, Wang et al., 2016). Bacillus subtilis has been noted to
improve intestinal integrity (strain LS 1-2, Sen et al., 2012; Jayaraman et al., 2013),
stimulate the growth of the digestive organs (PB6, Wang et al., 2017b) and the secretion
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of digestive enzymes (strain KD1, Wu et al., 2011), and to ultimately improve the growth
rate and meat production of broiler chickens (Wang et al., 2016).
All the improvements in gut health and growth performance previously mentioned
revolve around the interaction between B. subtilis cells and the GI microbiota of broiler
chickens. Bacillus subtilis, universally found in soil and plants, can compete with
environmental bacteria by secreting antimicrobial peptides. These antimicrobial peptides
include antibiotic-analogues, lantibiotics, and lantibiotic-like peptides (Stein, 2005),
which can lyse Gram-positive bacteria that lack an outer membrane, by forming voltagedependent pores on their cytoplasmic membranes (Stein, 2005). Bacillus subtilis-based
probiotics may regulate the GI microbiota of broiler chickens by secreting antimicrobials.
This action was observed in our previous study, where the dietary supplementation of B.
subtilis-based probiotics (a mixture of 3 strains: 2084, LSSAO1, and 15A-P4) decreased
bacterial species diversity and improved the proportion of antibiotic-resistant bacteria
such as Rikenella microfusus, in the cecal contents of broilers (Wang et al., 2018c). It is
speculated that B. subtilis-based probiotics may inhibit the growth of most bacteria by
lowering species diversity. However, they fail to control the growth of antibiotic-resistant
bacteria, which allows them to proliferate in the digestive system.
In another study by Wang et al. (2016), it was found that supplementation of
prebiotics (mannan-

-glucans) along with B. subtilis improved the

growth rate and feed efficiency of broilers. Synbiotics, which are the combination of
prebiotics and probiotics, are known to improve the survival and colonization of probiotic
cells in the GI tract (Daniels et al., 2010). The successful application of synbiotics in
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broiler production has initiated further research concerning the potential use of a B.
subtilis with zinc combination supplement. Dietary zinc can maintain intestinal integrity
and defend broilers against exogenous pathogens. The dietary supplementation of zinc
enhances tight junctions between epithelial cells in the chicken GI tract (Shao et al.,
2017). This helps broilers in their defense against a Salmonella Typhimurium challenge,
and helps them to recover from a loss in BW (Zhang et al., 2012). Additionally, zinc has
broad antimicrobial activity against pathogens associated with the GI tract, which
includes Clostridium (Hu et al., 2013) and Escherichia coli (Tang et al., 2014).
However, in a companion study conducted by Wang et al. (2018b), the
combination of zinc and B. subtilis failed to improve the growth performance or carcass
yields of the broilers. The failure in promoting growth may be associated with the
interaction between the various dietary additives tested and the intestinal microbiota.
Thus, the effects of antibiotic (bacitracin), anticoccidial (narasin), and alternative
(Bacillus subtilis and zinc) feed additives on the intestinal microbial composition and
diversity in broilers were evaluated.
Materials and Methods
Treatment Outline
Diet formulation, bird management, and experimental facilities were described in
a companion study by Wang et al. (2018b). In this study, one of 6 dietary treatments were
randomly assigned to a floor pen in each of 6 blocks. The 6 blocks were arranged in a
broiler house as to avoid positional effects on the treatment. Each of the total 36 pens
contained 14 commercial broilers (708 Ross × Ross) were raised on fresh shavings. The 6
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dietary treatments included a control diet (corn and soybean-meal basal diet), a probiotic
diet (control diet supplemented with 1.1 × 105 CFU of Bacillus subtilis PB6 per g of
finished feed), a zinc diet (control diet supplemented with 100 ppm extra zinc, zinc
sulfate), a probiotic and zinc combination diet (Prozinc, control diet supplemented with
both probiotic and zinc products as above), an anticoccidial diet (control diet
supplemented with 54 g of narasin/ton of finished feed), and a practical diet (control diet
supplemented with 54 g of narasin and 50 g of bacitracin/ton of finished feed). To mimic
a subclinical coccidia-challenge common in commercial broiler production, a 10× dose of
a commercial vaccine containing live Eimeria oocysts (Coccivac-B52, Intervet Inc.
Omaha, NE) was administered to chicks by oral gavage on d 21 post-hatch. The
commercial vaccine contained live oocysts of E. acervulina, E. maxima, E. maxima MFP,
E. mivati, and E. tenella. After the initial challenge, no clinical lesions were observed;
however, the birds exhibited a depression in feed efficiency and a high rate of mortality
(Wang et al., 2018b). All animals and experimental methods were in compliance with the
Guide for the Care and Use of Agriculture Animals in Researching and Teaching (FASS,
2010).
Microbiota Determination
On d 26 post-hatch, one bird per pen that possessed a median body size, was
chosen for intestine sampling (6 replicate birds per treatment, 36 total birds). Birds were
euthanized by CO2 asphyxiation, and were then weighed and dissected individually. The
cecal contents (2 g) from each bird was homogenized, dip-frozen in liquid nitrogen, and
stored for microbiota determination. Genomic DNA was extracted following the method
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of Wang et al. (2018c). A bacterial DNA library was constructed following the
instruction of 16S metagenomics sequencing library preparation protocol (Illumina, Inc.,
San Diego, CA). DNA sequencing was performed with an Illumina Miseq platform, and
the taxonomy profile of microbiota was generated by 16S Metagenomics Analysis in
Illumina BaseSpace (Illumina, Inc., San Diego, CA). Operational taxonomic units (OUT)
were picked to study the DNA diversity by QIIAME (Caporaso et al., 2010;
http://qiime.org/). The 97% matched DNA sequence was classified into one OTU. Top
100 abundant OTUs were used for alpha diversity determination (Shannon and Chao1
indexes). Bacterial species alpha-diversity and microbial composition were determined
according to Wang et al. (2018c). Briefly, species diversity (Shannon and Simpson
indexes) and predominant bacterial composition under each taxon (phylum, class, order,
family, genus, and species) were studied. The microbial composition was calculated by
dividing the DNA reads in this category by the total DNA reads (calculated as the
percentage):
B
In each taxonomic level, bacteria were considered as predominant when they accounted
for up to 1 % of the microbial community. All non-predominant bacteria (<1%) were
classified as others.
Experimental Design and Data Analysis
A randomized complete block design was utilized. Within the broiler house, 6
blocks were applied and each served as unit of replication. Each floor pen of the 6 blocks
was assigned one of the 6 dietary treatments. One-way ANOVA analysis was utilized to
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determine the effects of treatment on observed OTU number and diversity, microbial
diversity, and composition of the chicken cecal contents. An unrestricted-mixed model in
the PROC GLM procedure of SAS version 9.4 (SAS Institute, 2013) was applied to
analyze data, with dietary treatment considered as a fixed effect and block as a random
effect. Dietary treatment means were separated using
test. When P-values were lower than or equal to 0.05, treatment effects were considered
significant.
Results
Individual BW
On d 26 post-hatch, the BW of the broilers fed diets supplemented with Prozic
was lower that those in the control, zinc-containing, and practical dietary treatment
groups (P = 0.024, Figure 7.1).
Microbial Diversity
A total of 9,441,472 valid DNA sequences were detected by Illumina Miseq
platform (Table 7.1). Among those, 9,095,678 DNA reads (96%) belonged to known
bacterial phyla. A total of 4,129 OTUs and 940 bacterial species were generated from the
bioinformatics analysis (data not shown). Dietary treatment did not affect observed OTU
number or alpha diversity (Shannon or Chao1 index, Figure 2). However, the
concentration of observed bacterial species in broiler cecal contents was affected by
dietary treatment (P = 0.004). Fewer bacterial species were observed in broilers fed
probiotic diets than that of broilers fed control, Prozinc, anticoccidial-containing, or
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practical diets. In addition, fewer bacterial species were observed in broilers fed zinc
diets than those fed Prozinc and practical diets.
Microbial Composition
Overall, dietary treatment did not affect the community structure of cecal
microbiota in the broilers (data not shown). The predominant bacteria in the broilers fed
control diets are listed in Figure 7.3. The predominant phyla were Firmicutes (57%,
average of 6 birds), Bacteroidetes (36%), and Proteobacteria (5.0%). The predominant
classes were Clostridia (54%), Bacteroidia (29%), Gammaproteobacteria (4.0%),
Flavobacteriia (4.0%), Bacilli (4.0%), and Sphingobacteriia (1%). The predominant
orders were Clostridiales (54%), Bacteroidales (29%), Flavobacteriales (4.0%),
Flavobacteriales (4.0%) Enterobacteriales (3.0%), Lactobacillalers (3.0%), and
Sphingobacteriales (1%). Predominant families were Ruminococcaceae (21%),
Bacteroidaceae (18%), Clostridiaceae (17%), Lachnospiraceae (13%),
Flavobacteriaceae (4.0%), Enterobacteriaceae (3.0%), and Lactobacillaceae (3.0%).
The predominant genera were Bacteroides (18.0%), Blautia (10%), Oscillospira (9.0%),
Alkaliphilus (8.0%), Ruminococcus (6.0%), Clostridium (5.0%), Flavobacterium (4.0%),
Lactobacillus (3.0%), and Escherichia (2.0%). The predominant species were
Bacteroides rodentium (12%), Alkaliphilus cortonatoxidans (13%), Bacteroides
uniformis (5.0%), Escherichia albertii (4.0%), Oscillospira eae (3.0%), Bacteroides
fragilis (2.0%), and Bacteroides xylanisolvens (2.0%).
Dietary treatment did not affect bacterial composition at the phylum, class, order,
or species levels. At the family level, zinc-containing diets lowered the proportion of
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Clostridiaceae bacteria in the cecal microbiota of broilers in comparison to those in the
control and probiotic-containing dietary treatment groups (P = 0.048, Figure 7.4). The
zinc-containing, ProZinc, and practical diets lowered the proportion of Lachnospiaceae
bacteria in the cecal microbiota of broilers in comparison to those fed control diets (P =
0.044, Figure 7.4). At the genus level, broilers fed a zinc-containing diet exhibited the
lowest proportions of Clostridium bacteria in the cecal contents (P = 0.032, Figure 7.5).
In addition, zinc-containing diets lowered the proportion of Blautia bacteria in
comparison to control and probiotic-containing diets (P = 0.050, Figure 7.5).
Discussion
In the current study, the inclusion of bacitracin (antibiotic) alone or with narasin
(anticoccidial) in the feed did not affect the DNA diversity or the species diversity of the
cecal microbiota in broilers, which was consistent with previous studies (Pedroso et al.,
2006; Gong et al., 2008). Gong et al. (2008) proposed that a dietary influence on gut
microbiota was more profound when chickens were young and when their microbiota
were in the process of development (d 3 vs d 18 post-hatch). In another study, diets
containing bacitracin increased cecal microbial diversity in 10-d-old birds, by reducing
the predominant species and boosting the minor species (Crisol-Martinez et al., 2017).
The broilers in the present study may have developed a relatively mature microbiota by
26 d of age. Thus, the inclusion of bacitracin in their diets might not have caused a
change in their microbial diversity.
Bacillus subtilis-probiotics can regulate GI microbiota by secreting antimicrobial
peptides (Stein, 2005). However, not all strains produce the same antimicrobial peptides.
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Different strains may affect the GI microbiota of broiler chickens uniquely. In the current
study, the dietary inclusion of B. subtilis PB6 (probiotic diet) lowered the number of
bacterial species in the cecal contents of the broilers. Additionally, the dietary inclusion
of a mixture of B. subtilis-strains (2084, LSSAOl, and 15A-P4) lowered the number of
species (Wang et al., 2018c). However, another B. subtilis probiotic strain
(CGMCC1.1086) was reported to enrich bacteria species in the cecal contents of broilers
(Li et al., 2015).
In previous studies, B. subtilis PB6 probiotics are known to possess an anticlostridial factor that acts against various strains of Clostridium perfringens (Teo and
Tan, 2005; Jayaraman et al., 2013). As well, Bacillus subtilis PB6 has the ability to
promote the growth of Lactobacillus spp (Teo and Tan, 2006) and inhibits the growth of
pathogenic E. coli (Teo and Tan, 2007) in the GI tract of broiler chickens. By improving
microbial balance, the supplementation of B. subtilis PB6 improves gut health and
ultimately facilitates the growth of broilers (Teo and Tan, 2006; Jayaraman et al., 2013).
However, the B. subtilis treatment did not improve d 26 BW of the sampled birds, overall
d 54 BW, or feed conversion ratio from d 0 to 54 (Wang et al., 2018b). Although broiler
performance was expected to be improved with the supplementation of B. subtilis in this
study, a lack of interaction between B. subtilis cells and GI microbiota may have caused a
poorer performance in the birds. As well, the addition of B. subtilis to their diets did not
reduce the concentration of Clostridium or affect any other bacterial proportions in their
cecal microbiota. The effects of B. subtilis PB6 on GI microbial composition may depend
on the health status of the broilers. In previous studies, the microbial composition of
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broilers were affected by B. subtilis PB6 when they were challenged with exogenous
pathogenic bacteria (Teo and Tan, 2006; Jayaraman et al., 2013). However, in the current
study, B. subtilis PB6 had no effect on the microbial composition of the gut when
subclinical coccidiosis was induced.
Zinc supplementation (in the form of zinc oxide) decreased the proportions of
Clostridiaceae and Lachnospiaceae bacteria at the family level, and the proportions of
Clostridium (belonging to Clostridiaceae family) and Blautia (belonging to
Lachnospiaceae family) bacteria at genus level in the cecal microbiota of the broilers. In
an in vitro study, an inclusion of 500 ppm of zinc to a sporulation medium completely
inhibited Clostridium sporogens sporulation for up 3 wk (Lee et al., 2011). Lee et al.
(2011) demonstrated that the antimicrobial ability of zinc was associated with its
interference of spore formation. The presence of Blautia can be used as a marker for
human fecal contamination, due to its high microbiome ratio in the human gut (Eren et
al., 2015). However, limited research has been conducted to study Blautia in chicken
cecal contents or zinc effects on Blautia level.
Contrary to the current hypothesis, the Prozinc diet (zinc and B. subtilis
combination treatment) did not improve broiler performance. In fact, the combined use of
zinc and B. subtilis lowered individual BW on d 26. This may have been due to the broad
antimicrobial activity of zinc against spore-producing bacteria. The B. subtilis product
utilized in the current study was solely comprised of B. subtilis spores. With a high level
of zinc, B. subtilis sporulation might have been blocked. Mmoreover, a depression in
growth performance was observed in this study. Zinc also has the ability to reduce the
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adhesion of exogenous bacteria to intestinal epithelial cells (Roselli et al., 2003).
Supplemental zinc may also have prevented the interaction of the remaining active
vegetative B. subtilis cells with the local gut bacterial community in the gut.
In conclusion, zinc supplementation may have had an antimicrobial effect on the
colonization of Clostridium in the ceca of the broilers. However, it is believed that zinc
addition may have also interfered with the activity of the B. subtilis-based probiotics
which subsequently depressed the growth of the broilers. In the poultry industry, further
consideration should be given concerning the dietary use and levels of other nutrients,
such as the zinc, if a B. subtilis-based probiotic is going to be applied to the diets of
broilers.
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Table 7.1 Summary of metagenomics data from broiler cecal contents
Number
% Reads
of valid
classified to
reads
phylum
Control13
154,244
96.63
Control22
133,714
95.15
Control39
70,291
93.82
Control51
420,888
96.35
Control73
377,880
96.58
Control87
329,923
96.10
Probiotic12
63,294
94.53
Probiotic36
125,031
96.44
Probiotic58
203,842
96.84
Probiotic62
222,386
96.50
Probiotic70
217,328
96.75
Probiotic94
352,806
95.68
Zinc26
177,904
95.86
Zinc34
240,247
98.17
Zinc37
235,506
96.88
Zinc49
189,046
96.86
Zinc71
222,695
97.47
Zinc86
305,429
95.41
ProZinc11
313,303
95.78
ProZinc25
156,872
95.51
ProZinc46
327,926
95.96
ProZinc59
466,641
96.57
ProZinc74
293,536
97.35
ProZinc84
232,604
96.29
Anticoccidial23 158,466
96.65
Anticoccidial38 255,961
95.42
Anticoccidial47 283,740
97.30
Anticoccidial60 404,375
96.44
Anticoccidial72 266,528
96.89
Anticoccidial82 424,371
95.75
Practical10
295,756
96.65
Practical24
176,657
97.31
Practical35
255,088
97.33
Practical48
206,988
95.95
Practical50
438,660
96.70
Practical95
441,546
96.28
1
SampleID consists of dietary treatment and pen number.
Sample ID1
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Figure 7.1 Effects of dietary treatment on individual BW at d 26 (P = 0.024).
a,b

Means without a common subscript are considered significantly different at the
0.05 level.
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Figure 7.2 Effects of dietary treatment on microbial diversity in the cecal contents of
broilers at 26 d of age.
a-c

Means without a common subscript are considered significantly different at the
0.05 level.
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Figure 7.3 Cecal microbial compositions of broilers fed the control diet
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Figure 7.4 Effects of dietary treatment on microbial composition at the family level.
a,b

Means without a common subscript are considered significantl
0.05 level.
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Figure 7.5 Effects of dietary treatment on microbial composition at the genus level.
a,b

Means without a common subscript are considered significantly different at the
0.05 level.
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CONCLUSION
Major poultry integrators in the US have initiated the antibiotic-free and noantibiotics-ever programs. However, withdrawal of antibiotics (including ionophore
anticoccidials) weakens the protection to enteric diseases and may further reduce the
growth rate of poultry. Three consecutive studies have been conducted to use Bacillus
subtilis-based probiotics alone or with other feed additives (prebiotics or extra zinc) to
improve gut health and to maintain the growth rate of broiler chickens under different
coccidia-challenge circumstances.
In the first study (Chapter III), broiler chickens were raised under a commercial
condition (used litter from a commercial house). The i

-glucans

(prebiotics) in broiler diets enhanced the attachment of Lactobacillus to the ileal mucosa
of broilers at an early age without affecting BW gain. The use of antimicrobial feed
additives may have decreased chicken intestine size, thereby allocating more
maintenance energy towards body growth. In this particular study, the dietary inclusion
of B. subtilis promoted the growth rate of broiler chicken.
In the second study (Chapter IV and V), a clinical coccidiosis was induced.
Again, the antibiotic treatment lowered the weight of digestive tract. Prebiotics and B.
subtilis probiotics increased the growth of various digestive organs, including the small
intestine, with the subsequent enhancement of nutrient utilization and promotion of
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growth at an elder age. In addition, by manipulating the microbiota, B. subtilis may have
helped to lower the Clostridium infection in broilers from antibiotic-free production.
In the third study (Chapter VI and VII), half of the birds received a sub-clinical
coccidiosis challenge. The study indicated using B. subtilis alone could not help birds to
prevent the coccidiosis. However, the combined use of zinc and B. subtilis lowered the
high mortality of broilers fed diet supplemented with B. subtilis or zinc alone. Extra zinc
supplementation has an antimicrobial activity on the intestinal bacteria. It inhibited the
colonization of pathogens such as Clostridium in broiler ceca.
In conclusion, B. subtilis-based probiotics have potential to alleviate the problems
caused by the withdrawal of antibiotics. However, they cannot replace the anticoccidials
in diets when birds are under the coccidia-challenge.
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